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Procedures for calculating the deflections of composite beams with web openings are 
described. Deflections are calculated using the stiffness method of matrix analysis. 
Unperforated sections of a beam are modeled using uniform beam elements. Web openings are 
modeled using beam elements connected by rigid links. Moments of inertia for unperforated 
sections are calculated considering partial composite action. The top tee over an opening is 
modeled: 1) neglecting composite action, 2) including composite action, and 3) including 
composite action at the high moment end only. Models with both the effective moment of 
inertia and lower bound moment of inertia are studied. The effects of shear deformation are 
investigated. Calculated deflections are compared to test data and the performance of the 
various models is evaluated. A case study of hypothetical beams with web openings is used to 
develop design recommendations for calculating total deflection and deflection across an 
opening. A relationship between the total deflections of beams with and without web openings 
is established. Equations are also developed for predicting the deflection across an opening. 
The study shows that in most cases, a single web opening often has little effect on the 
deflection of a composite beam. However, there are important cases where the effect can be 
significant. Generally, the effects of an opening and of shear deflections will be of the same 
order. Ignoring both the web opening and shear defortnation can lead to significant error. The 
matrix stiffness method provides a reasonable estimate of total deflection and deflection across 
the opening. 
INTRODUCTION 
Most steel buildings use composite members consisting of a concrete deck integrally 
connected to a steel section. Mechanical shear connectors are provided at the interface of 
the concrete and steel to resist the horizontal shear forces which develop due to bending. 
The depth of the floor system for such buildings may be reduced if a web opening can be 
introduced in the steel section through which utilities are passed. The decreased depth of 
the floor system can result in a reduced building height and overall cost savings. 
The introduction of a web opening may have a significant effect on the deflections 
of a composite beam. A web opening will reduce the stiffness of the beam at the opening 
and result in increased deflections, as well as a differential deflection across the opening. 
In most cases, the influence of a single web opening is small. For those cases however, 
where the increase in the deflections is unacceptable, a procedure capable of accurately 
predicting the deflections is needed. 
A number of procedures have been developed to calculate the deflections for 
flexural members with web openings. These procedures specifically address steel beams 
(McConnick 1972, Dougheny 1980), and one method specifically covers composite 
members (Donahey and Darwin 1986, Donahey 1987). The first two procedures require 
the calculation of the deflection due to the web opening; the total deflection is then 
calculated by adding this deflection to the deflection of a beam without an opening. The 
method developed for composite members (Donahey and Darwin 1986, Donahey 1987), 
which can also be used for steel members, is used to directly calculate the total deflections 
of members with web openings. 
Web openings reduce the stiffness of a member at the opening by: 1) lowering the 
gross moment of inenia at the opening, 2) eliminating strain compatibility between the top 
and bottom tees (regions above and below the opening), and 3) reducing the cross sectional 
area available for carrying shear. The lower gross moment of inenia results in increased 
curvature at opi nings subjected to bending. The elimination of strain compatibility and the 
Joss of available material for carrying shear results in differential or Vierendeel deflections 
across an opening subjected to shear. 
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To correctly calculate the deflection of a beam, equilibrium, compatibility, and 
material properties must be satisfied throughout the span. A complete analysis will include 
both bending and shear deformations. Although classical methods incorporating all of these 
requirements can be developed, it is possible to obtain equivalent results (within the 
accuracy of any assumptions) using matrix analysis methods. The matrix method is 
particularly attractive since it can automatically enforce compatiblity of displacements and 
rotations at the ends of the opening. 
This repon describes procedures for finding the deflections of composite beams with 
web openings. The methods represent an extension of the work done by Donahey and 
Darwin (1986). Modeling assumptions are verified by comparing experimental data with 
matrix analysis results. Recommendations for the practical application of the matrix 
analysis are made. The method is used in a case study of hypothetical beams with web 
openings. Based on the study, a design aid for deflection analysis of composite beams 
with web openings is developed. Matrix analysis is also used to develop equations for the 
deflection across a web opening. 
ANALYSIS PROCEDURES 
The analysis procedures used in this study are described in this section. Element 
stiffness matrices are developed to represent both the unperforated sections of the beam and 
the region around the web opening. 
A composite beam with a web opening is shown in Fig. I. The opening is of 
length a, and depth h0 • The beam is of span length L,, and the opening center line is 
located at distance L0 from the center line of the suppon. Section dimensions are given in 
Fig. lb. 
Deflections are calculated usmg the stiffness method of matrix analysis. The top 
and bottom tees at an opening, as well as the nonperforated sections adjacent to the 
opening, are modeled using standard 6 degree of freedom (DOF) beam elements. The' 
local element stiffness matrix, [K
0
], is given as (Cook 1981): 
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in which E = modulus of elasticity, !3 = I/(L2/12 + 71), 71 = EI/(Ap), Ay = effective shear 
area, A = gross transformed area for axial deformations, L = element length, and I = 
moment of inertia of the transformed section. 
The element is capable of incorporating shear deformations, as well as axial and 
bending deformations. Shear deformations can be neglected by setting 71 = 0. This is 
equivalent to assuming Ay = oo. 
[KJ is derived considering bending of a beam about its own neutral axis. For the 
nonperforated sections of the beam, the local and global DOF are coincident. Therefore, 
for the non perforated sections of the beam, the local element stiffness matrix, [KJ, and the 
global element stiffness matrix, [KJ, are identical. 
At an opening, the neutral axes of the tees and the adjacent nonperforated section 
are not coincident. Therefore, the local DOF for the top and bottom tees do not 
correspond to the global DOF for the structure. By assuming that the webs adjacent to the 
opening are infinitely rigid, however, the nodes of the individual tees can be connected to 
the nodes of the nonperforated section by rigid links. The rigid links relate the local DOF 
for the top and bottom tees to the global DOF at the ends of the opening. 
A beam element with 2 rigid links is shown in Fig. 2. The local and global x axes 
are parallel, and eccentricities exist in both the x and y directions. The local DOF are 
given by : 
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(2) 
and the global DOF are 
(3) 
An eccentricity transformation, [o), is used to relate the local DOF and the global 
DOF: 
1 0 -eyi 0 0 0 
1 ex! 0 0 0 
[oJ = 1 0 0 0 (4) 
1 0 -ey2 
1 exz 
1 
in which ey1 and ey2 are the local y eccentricities and ex! and ex2 are the local X 
eccentricities at nodes 1 and 2, respectively. 
The global stiffness matrix, [Kg], for an eccentric beam element is given by: 
(5) 
The coordinate transformation given above is derived for a beam element with 
eccentricities at both ends. For some models it is necessary to use two beam elements to 
represent the top tee. For these cases, the interior node at the center line of the opening 
must be condensed out of the local stiffness matrix for the top tee prior to the coordinate 
transformation. 
The global stiffness matrices for the individual tees can be combined to form a web 
opening element. The web opening element consists of top and bottom tee elements 
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connected by four rigid links (Fig. 3). Nodes 1 and 2 of the web opening element are 
located so that the positive global coordinate axis, xg, passes through the nodes. The nodes 
of the web opening element are connected to the ends of the top and bottom tees by rigid 
links of length 11 and lb, respectively. Local eccentricities ex1 = ex2 = 0 for both the top 
and bottom tees, while er, = ey2 = l, for the top tee and er, = ey2 = -lb for the bottom tee. 
The global stiffness matrix for the web opening element, [Kglwo• is the sum of the global 
stiffness matrices [~] for the individual tees. The global stiffness matrix for the web 
opening element can then be added directly to the global structure stiffness matrix, which 
consists of uniform beam elements on either side of the web opening. The structure used 
in the analyses is shown in Fig. 4. 
Modeling Assumptions 
The element stiffness matrices discussed above are a function of the material 
properties and certain section parameters. The modeling assumptions used to calculate the 
element matrices for both the perforated and unperforated sections of the beam are now 
discussed. 
Moment of inertia for unperforated sections of beam.-- In this study, the moments 
of inertia for the unperforated sections of a beam are computed using either the effective 
moment of inertia, Ieff (AISC 1989), or the lower bound moment of inertia, I1b (AISC 
1986). For both Ieff and I1b, the concrete slab is transformed into an equivalent steel area 
and is assumed to act compositely with the steel section. 
For models using Ieff• the concrete deck is replaced by an equivalent steel area 
based on the modular ratio Estee/Econcrete· Ieff is calculated using the provisions of Part 5 of 
the AISC Manual of Steel Construction (AISC 1989) and is given by: 
(6) 
in which I, = moment of inertia for the steel section, I,r = moment of inertia of the 
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transformed composite section, V h = sum of the shear stud capacities between the point of 
maximum moment and the nearest point of zero moment, and Vh = smaller of the tensile 
yield capacity of the net steel section or the crushing strength of the concrete slab. 
For models using I1b, the concrete deck is replaced by an equivalent steel area based 
on the ratio of the crushing strength of the concrete to the yield strength of the steel, 
0.85(/I'y. I1b is calculated using the provisions of Part 4 of the AISC Load and Resistance 
Factor Design Manual of Steel Construction (AISC 1986) and is given by: 
(7) 
in which A, = cross-sectional area of the steel section, Y BNA = distance from the bottom of 
the beam to the elastic neutral axis, d = depth of the beam, :EQn = the smaller of the 
tensile yield capacity of the gross steel section, the crushing capacity of the concrete slab, 
or the sum of the shear stud capacities between the point of maximum moment and the 
nearest point of zero moment, F Y = yield stress of the steel, and Y 2 = distance from the 
concrete flange force to the beam top flange. 
Moments of inertia in the region of the web opening. -- The bending stiffness of the 
bottom tee is represented using the elastic moment of inertia, while the bending stiffness of 
the top tee is represented using three different modeling assumptions. In each of the three 
cases, both Ieff and I1b are considered. 
For Model 1, it is assumed that the concrete above an opening will not contribute 
significantly to the bending stiffness of the top tee. For this model, the moment of inertia 
of the top tee is calculated considering the steel tee only. 
For Model 2, the concrete above the opening is included in the bending stiffness of 
the top tee. For this model, the moment of inertia for the top tee is computed considering 
both the steel tee and the transformed area of concrete above the opening. Moments of 
inertia for the top tee, Ieff or I1b, are calculated using the procedures discussed a '">ove. 
For Model 3, two beam elements of equal length are used to represent the top tee. 
At the low moment end of the opening, the concrete is neglected and only the steel tee is 
considered in calculating the moment of inertia. At the high moment end, the bending 
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stiffness of the top tee is calculated considering both the steel tee and the transformed area 
of the concrete deck. Again both Ieff and I1b are considered. Of the three models, Model 
3 should provide the most realistic results, since the concrete slab tends to crack in tension 
over the low moment end of the opening in cases where the opening region is subjected to 
a shear (Clawson and Darwin 1980, Donahey and Darwin 1986). 
Effective area for carrying axial force. -- For all three models, the effective area for 
carrying axial force within the top tee, J\, is taken as the area of the steel tee plus the 
transformed area of the concrete deck. The centroid of the top tee is taken as the centroid 
of the transformed section. Therefore, the length of the rigid link, I,, is taken as the 
distance from the centroid of the nonperforated section to the centroid of the transformed 
section for the top tee. 
Effective area for carrying shear force. -- Only the webs of the steel sections are 
considered effective in carrying the shear. Away from the opening, 
in which d is the depth of the steel section and tw is the thickness of the web. At an 
opening, the effective shear areas for the top and bottom tees are taken as: 
in which s, and sb are the depths of the top and bottom steel tees, respectively. 
Material properties. -- Steel sections are modeled using E = 29,000 ksi and G = 
11,150 ksi. The elastic modulus for concrete is taken as E = 57«c ksi, with ( in psi. 
PARAMETRIC STUDY 
General 
The analytical procedures described above are compared with actual test results to 
determine the accuracy of the method. The calculated deflections are compared with the 
8 
deflections of twenty-five test beams. Models of entire beams, as well as models of web 
openings only, are used. Models of test beams include rigid links at the supports, as well 
as at the openings, and incorporate beam elements to represent unperforated sections of the 
beams (Fig. 4). The rigid links connect the bottom flange of the steel section to the 
centroid of the transformed section to properly model the test beams, which were all 
supported at the bottom flange. Models of the web opening only include a fixed support 
at the low moment end (Fig. 5). 
The deflection data used in the parametric study include 13 tests by Donahey and 
Darwin (1986), 6 tests by Clawson and Darwin (1980), 2 tests by Granade (1968), and 4 
tests by Redwood and Wong (1982). The beams are designated, respectively, with 
numbers only, c, g, and r. Two of the beams tested by Redwood and Wong had 
coverplates. Detailed dimensions for the coverplates were not published. A coverplate of 
the same thickness and width as the beam flanges is assumed in this study. Data on the 
two beams tested by Granade (1968) include maximum deflection, but not deflection across 
the opening. 
The test beams were designed primarily to obtain information on the strength at 
web openings. The beams were relatively short, and opening locations were predominately 
in high shear regions. For this reason, the relative importance of shear deflections and the 
deflections through the opening will be greater than for beams in which flexural 
deformations play a greater role. To study the importance of shear deformation in total 
beam deflection, analyses that account for shear deformations throughout the span, V, are 
compared with analyses that ignore shear deformations throughout the span, NV. 
Comparisons are made at loads equal to 30 and 60 percent of the ultimate applied load. 
Comparisons with Test Data 
Beam models. --The following comparisons are based on deflections under applied 
load; dead load deflections are not considered. Calculated and measured test deflections 
are presented in Appendix A, Tables A.! through A.12, along with the ratios of calculated 
to measured deflection. The means, standard deviations, and coefficients of variation for 
the ratios are also given for each model. The models are compared to each other, and the 
best model is chosen for predicting the deflection at the point of maximum moment and 
the deflection across the opening. As will be shown in the following discussion, the best 
9 
results for the deflection at the point of maximum moment are obtained using Model 2, 
while Model 3 performs best in predicting the deflection across the opening. 
Deflections at the point of maximum moment. -- The mean ratio of calculated 
deflection to measured test deflection, along with the standard deviation and coefficient of 
variation for each model, are shown in Table 1. 
Review of Table 1 shows that shear deformations are important. Ignoring shear 
deformations, NV, causes the models to be too stiff and thus unconservative (mean ratios 
of calculated to test deflections less than 1.0). From a practical point of view, it is better 
to have the calculated deflections somewhat above the actual to provide for adequate 
stiffness in the structure. Including shear deformation, V, yields a more flexible model. 
In most cases, the models which include shear deformations, V, provide a better 
agreement with the test results. At an applied load of 30 percent of ultimate, models 
including shear, V, have mean ratios of calculated deflections to measured deflections of . 
1.13, 0.94, and 0.97 using Ieff and 1.26, 1.08, and 1.11 using lib for Models 1, 2, and 3, 
respectively. Ignoring shear deformations, NV, the respective models have mean ratios of 
0.97, 0.76, and 0.80 using Ieff and 1.10, 0.9, and 0.94 using lib· At an applied load of 60 
percent of ultimate, V models have mean ratios of 1.01, 0.84, and 0.87 using Ierr and 1.13, 
0.97, and 1.00 using lib• while NV models have mean ratios of 0.86, 0.68, and 0.72 using 
Ierr and 0.98, 0.81, and 0.84 using lib· 
The mean ratios of calculated to measured deflection given in Table 1 also show 
that models using lib are less stiff than those using Ierr· For example, at 30 percent of 
ultimate and including shear deformation, the mean ratios for Model 1, which does not 
include the contribution of the concrete over the opening, are 1.13 using Ierr versus 1.26 
using lib· For Model 2, where the bending stiffness of the top tee includes the transformed 
area of the concrete, the mean ratios are 0.94 using Ieff and 1.08 using lib· For Model 3, 
where the top tee is modeled using the steel tee at the low moment end and the composite 
tee at the high moment end, the mean ratios are 0.97 using Ieff and 1.11 using I1b. At an 
applied load of 60 percent of ultimate, Model 1 has a mean ratio of 1.01 using Ieff and 
1.13 using lib· Model 2 has mean ratios of 0. 84 using Icrr and 0.97 using lib· Model 3 has 
mean ratios of 0.87 using Ierr and 1.00 using lib· 
In summary, it can be seen that the models which use I1b and include shear 
deformations, V, provide the best overall agreement with the test data for total deflection. 
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Of these models, Model 2 provides the best performance and least scatter in the data. 
Figs. 6 and 7 compare deflections calculated using Model 2 (I1b, V) to the test deflections 
at the point of maximum moment. At 30 percent of the ultimate load, the model has a 
mean ratio of calculated to measured deflection of 1.08, with a standard deviation of 0.18 
and a coefficient of variation of 16.5 percent. At 60 percent of the ultimate load, the 
model has a mean ratio of 0.97, with a standard deviation of 0.15 and a coefficient of 
variation of 15.1 percent. Overall, deflections at the point of maximum moment calculated 
using Model 2 (I1b, V) are in close agreement with the measured deflections. 
An important point to note is that there is a decrease in the mean ratio of calculated 
to test deflection as the load is increased from 30 to 60 percent of ultimate. All of the 
models exhibited this behavior. This is a reflection of the relatively early onset of yielding 
around the opening. 
Deflections across the opening. -- For deflection across the opening, the agreement 
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between calculated and test deflections is not as good as that obtained for deflection at the 
point of maximum moment. The comparisons are summarized in Table 2 and include the 
mean ratios of calculated to measured deflection, along with the standard deviations and 
coefficients of variation. All of the models exhibit a large amount of scatter when 
compared to the measured deflections, as reflected by the large coefficients of variation. 
As stated previously, models that ignore shear deformation, NV, are stiffer than 
models that include shear deformation, V. Moreover, models that use Ieff are stiffer than 
models that use I1b. In general, the models that use I1b and include shear deformation 
provide the best agreement with the test data. 
The calculations for deflection across the opening are sensitive to the assumptions 
made concerning composite behavior over the opening. Model 1, in which composite 
action over the opening is neglected, is generally too flexible and overly conservative. 
Model 2, however, which assumes composite action over the entire length of the opening, 
is too stiff and unconservative. At 30 percent of ultimate load and including shear 
deformations, the mean ratios of calculated to measured deflection for Model 1 are 1.59 . 
using I.a and 1.64 using I1b. For Model 2, the mean ratios are 0.7 4 and 0.83 using Ieff and 
I,b, respectively. At 60 percent of ultimate, the mean ratios are 1.15 and 1.24 using Model 
1 and 0.58 and 0.65 using Model 2. 
Model 3 gives the best results for deflection across the opening. This model 
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considers composite action over the opening only at the high moment end, while the 
moment of inertia for the top tee at the low moment end is calculated using the steel tee 
only. Deflections calculated using this model are still generally lower than the test 
deflections, but the scatter in the data is less than that for Model 1. At 30 percent of 
ultimate load, the model has a mean ratio of 1.0, with a standard deviation of 0.44 and a 
coefficient of variation of 43.7 percent. At 60 percent of ultimate, the mean ratio is 0.77, 
with a standard deviation of 0.35 and a coefficient of variation of.45.1 percent. 
Opening models (simplified Model 3). -- For models of the opening only, the 
assumptions used to represent the top and bottom tees at the opening are the same as for 
Model 3. The top tee is modeled using two uniform beam elements. At the low moment 
end of the opening, only the steel tee is used to calculate the moment of inertia. At the 
high moment end, the transformed area of the concrete deck is included in the calculation 
of I1b. The node at the center line of the opening is condensed out of the local stiffness . 
matrix for the top tee. The bottom tee is represented by a single uniform beam element. 
The top and bottom tees are connected at the ends by rigid links. 
The beam is fixed at the low moment end of the opening and free to deflect at the 
high moment end. The shear and the bending moment at the high moment end are applied 
to the web opening element. An initial rotation, e, is assumed at the low moment end 
(Fig. 5). This rotation is taken as the rotation at the position of the low moment end of 
the opening in the unperforated beam under full loading. 
The measured and calculated deflections are compared for 23 tests in Table 3, along 
with the ratios of calculated to measured deflection, mean ratios, standard deviations, and 
coefficients of variation. In comparing the data for this model with the data previously 
given for Model 3, it can be seen that the two models are very similar. Considering only 
the region around the opening gives a model which 1s slightly more flexible than the full 
beam model. Comparing the deflection across the opening obtained with the simplified 
model to the deflection obtained with the full beam model the mean ratios are 1.03 versus 
1.00 at 30 percent of ultimate and 0.79 versus 0.77 at 60 percent of ultimate. The data 
scatter is virtually identical for th" two models. The calculated deflections for the 
simplified model are compared to the test deflections at 30 and 60 percent of ultimate load 
in Figs. 8 and 9, respectively. 
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Summary of Parametric Study 
In summary, the preferred model for predicting the total deflection is Model 2, 
while Model 3 performs best for predicting the deflections across the opening. In both 
cases, the preferred models use I1b and include shear deformations in the analysis. The 
following case studies are based on these two models. 
CASE STUDIES AND DESIGN APPLICATIONS 
The comparisons discussed above show that matrix analysis procedures provide close 
agreement with test results for total deflection and are reasonably accurate for predicting 
the deflection across the opening. However, most of the test beams had relatively short 
spans, and all of the beams were loaded with point loads. Since this is not typical of 
actual construction, limited studies were undertaken to investigate the effect of web 
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openings on uniformly loaded beams of longer span. 
The case studies treat the total deflection and the deflection across the opening 
separately. Model 2 is used to predict the total deflection, and the simplified version for 
Model 3 (only the region around the opening is investigated) is used to predict the 
deflection across the opening. Specific design recommendations will be made for each 
case. 
The composite beams in the case study have a 4.5 in. ribbed deck (2 in. ribs) and 
are spaced at 9 ft. on center. Three steel sections are considered: I) W 24x55 with a 39 
ft. span and uniform load, w = !.76 k/ft; 2) W 18x35 with a 30 ft. span and w = 1.73 
k!ft; and 3) W 14x22 with 21 ft. span and w = !.72 k/ft. A total of 45 combinations of 
opening size and location are modeled for each span. Opening size is determined using an 
opening height to steel beam depth ratio (hjd) and an opening length to opening height 
ratio (aofh0 ). Three hjd ratios (0.3, 0.5, and 0.7), three aofho ratios (1, 2, and 3), and five 
locations for the opening center line with respect to the support (L0 = 1/16, 1/8, 1/4, 3/8, 
and 1/2 L,) are considered for each beam. All beams were modeled with simple supports 
located at the centroid of the transformed section. 
Deflection at the point of maximum moment 
One of the purposes of the case study Js to obtain factors which can be used to 
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estimate the total deflection of a beam with an opening based on the deflection of the 
same beam without an opening. 
Comparison of beams with and without web openings. -- The total deflection at the 
point of maximum moment, t.m, is calculated using Model 2 (a single uniform composite 
beam element over the opening, moments of inertia = I1b, and shear deformations included 
throughout the span). 
For comparison, the maximum deflection of a uniformly loaded beam without a web 
opening is calculated using classical beam theory: 
5wL4 
t.b = 384~I 
wL2 "'-=--'-SAG y 
(lOa) 
(lOb) 
in which t.b = the .maximum deflection considering bending only, and t., = the maximum 
deflection considering shear only. The calculated values for ~ and the ratios D.rJ t.b and 
t.rJ(D.b + t.,) are given Table 4. 
It can be seen from the data in Table 4 that the effect of the web opening can be 
significant. As the relative size of the opening increases, the ratio D.rJD.b ranges between 
1.038 and 1.171, 1.047 and 1.181, and 1.069 and 1.222 'for the W 24x55, W 18x35, and 
W 14x22 sections, respectively. The ratio t.m/(f.b+t.,) ranges between 1.001 and 1.129 for 
the W 24x55 and W 18x35 sections, and between 1.001 and 1.144 for the W 14x22 
section. Note that in most cases, the effects of shear deformation are more important than 
the effects of the web opening. For all web openings with hjd :s; 0.3 or aJho :s; 1, 
independent of opening location, the web opening caused an increase in maximum 
deflection of less than 5 percent. 
The opening location has somewhat less effect on total deflection than does the 
opening size. Fig. 10 compares the ratio, t.m/(t.b +f.,), to the location of the opening center 
line, L0 , for the W 14x22 section. It can be seen that both th; opening size and the 
opening center line location affect the deflection at the point of maximum moment. As the 
opening depth, h0 , is increased from 0.3d to 0.7d, and as the opening length, a, is 
increased from lh0 to 3h0 , the deflection at the point of maximum moment increases. For 
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all size openings, the maximum deflection occurs when the opening center line and the 
span center line coincide. The W 24x55 and W 18x35 sections also give similar results. 
This suggests that for a given opening size, the maximum deflection with the opening 
located at the span center line can be used as a conservative estimate of the maximum 
deflection for any location of the opening. 
Design recommendations. -- One option for design is to use Table 4, or a table like 
it, to conservatively estimate the effect of an opening on the maximum deflection of a 
beam. A somewhat more general, yet more conservative, approach is to estimate the 
maximum deflection by assuming that the opening is located at the span center line. The 
latter procedure will now be discussed. 
For a simp! y supported beam under uniform load, the center portion of the span is 
subjected to high moment and low shear. The increase in total deflection caused by an 
opening at the span center line is due primarily to the increase in curvature caused by the . 
lower gross moment of inertia at the opening. Therefore, only bending deflections must be 
considered to approximate the maximum increase in the total deflection due to the opening. 
These observations allow the use of a greatly simplified structural model, pictured in Fig. 
_11. 
For the simplified model, the maximum deflection due to bending only, ~.b• can be 
calculated using the unit load method: 
~.b f
L, 
M(x) m(x) = _ _:_: _ _:__:c.. dx 
0 EI 
(11) 
For the nonperforated sections of beam, the moment of inertia, Ig, is taken as the 
lower bound moment of inertia for the gross transformed section. The moment of inertia 
for the beam in the region of the opening Iwo is taken as the moment of inertia for the top 
and bottom tees about the centroid of the transformed section without an opening: 
(12) 
The moment of inertia for the top tee, I,, is also calculated using the lower bound moment 
of inertia. 
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Substituting the appropriate moments of inertia into Eq. 11 and carrying out the 
integration gives llm,b· The ratio of the maximum deflection of a uniformly loaded beam 
with an opening to the maximum deflection of a beam without an opening, llm,b I !lb, can 







Eq. 13 can be used to develop a design aid based on the ratios Igllwo and aJL,, as 
shown in Fig. 12. Each curve in Fig. 12 represents a constant value of llm b I !lb. Given 
~ b I !lb and the deflection for the unperforated beam, the total bending deflection for the 
perforated beam can be readily calculated. 
Since Fig. 12 considers deflection due to bending only, the estimate for deflection 
can be improved by including shear deformation to the analysis. Then the maximum 
deflection for a beam with a web opening can be written as: 
(14) 
Deflections across the opening 
For cases where the web opening center line does not coincide with the span center 
line, the deflection across the opening should also be considered when checking the 
serviceability of a beam. In this study, the deflection is divided into three parts: 1) the 
deflection due to a rotation 8, 2) the deflection due to a shear load P, and 3) the deflection 
due to a moment M. Equations will be derived for each case. 
Deflections across the opening are calculated using the simplified version of Model 
3, where, as described earlier, only the region around the opening is investigated. As 
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shown in Fig. 5, the low moment end of the opening is considered to be fixed and given 
an initial rotation e equal to that in the same beam without an opening, while the high 
moment end is free to rotate and deflect. The shear force, P, and the bending moment, M, 
at the high moment end are applied as shown. 
The three beams described at the beginning of the Case Studies section are again 
considered here. The results for this portion of the case studies are shown in Appendix B, 
Tables B 1 through B6. The deflections in Tables B 1 - B3 include the effects of shear 
deformation, while the deflections in Tables B4 - B6 include the effects of bending only. 
Openings located at LjL, = 1/2 are not considered because deflection across the opening is 
zero for openings located at the span center line of a symmetrically loaded beam. 
In general, the absolute magnitude of the deflection increases as the length of the 
opening increases and as the opening center line is moved closer to the support. The total 
deflection across the opening, ~Y (subscript y represents a vertical displace;nent), given in 
Tables B 1 - B3 give a good indication of the magnitude of deflections that will occur 
under service loads in composite members built using shored construction. Many of the 
cases illustrated result in very small deflections which will make moot much of the 
discussion that follows. However, Tables B 1 - B3 also include deflections as large as 0.78 
inches over a 50 inch opening length, which may be objectionable. The discussion that 
follows provides additional guidance if a detailed deflection check is warranted. 
Deflection across the opening due to the rotation e. -- The deflection due to the 
rotation 9, ~~9l, is a significant percentage of ~y· As shown in Tables Bl - B3 (shear 
deformations are included in the total deflection) the minimum percentage of ~y due to e 
is 32.9 percent (~~9)/~y = 0.329), for the W 14x22 section with hJd = 0.7 and aJh0 = 3. 
The maximum percentage is 123.6 percent (~~9)/~ = 1.236), for the W 24x55 section with 
hJd = 0.5 and aJh0 = 3. 
The rotation, e, is taken as the rotation in the beam as if the opening were not 






in which w = the uniform load, and x = the distance from the low moment end of the 
opening to the support (L
0 
- aj2). 
The deflection across the opening due to e can then be written as: 
(16) 
In the simplified version of Model 3, the high moment end is free to deflect and 
rotate. The rotation about the low moment end, e. is a rigid body motion and there is no 
shear deformation. In Tables B1 and B4, B2 and B5, and B3 and B6, the values of 11~9) 
are identical whether or not shear deformation is considered and do not represent an effect 
of the opening. 
Deflections across the opening due to shear force P. ·- Deflections due to a constant 
shear force P (Fig.5) consist of two components: 1) the deflection due to secondary 
bending, 11~~6. and 2) the deflection due to shear deformation ~~;. .In general, for a large 
opening, the deflection will primarily be due to secondary bending. For smaller openings, 
shear deformations dominate. Separate equations are derived for the two cases. 
The deflection due to secondary bending can be calculated using the stiffness 
method of matrix analysis. For the case of the web opening subjected to shear, the 
element stiffness equations can be written as: 
0 
(17) 
in which the subscript b indicates that only bending deformations are included, subscripts 
x, y, and r refer to the positive global directions, as shown in Fig. 5, and P = the shear 
force applied at the high moment end. 
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2 b ao 
(18) 
in which 41 = moment of inertia for the top tee at the low moment end of the opening, ~2 
= moment of inertia for the top tee at the high moment end of the opening, and Ib = the 
moment of inertia for the bottom tee. 
Since I~1 is small in comparison to 14It!It2 + If2, the individual terms, K22, K23, and 
K33 , in Eq. 18 can be approximated by: 
(19) 
4E E 
-- (14! + I) +-eq b 
ao ao 
in which Ieq = 
14Iu + ~2 
Solving Eq. 17 for the vertical deflection across the opemng due to the applied 
shear load, P, gives: 
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(20) 
Since Ki3 is small compared to K11K33, and Ki3K22 is small compared to 
(K11K22K33 - K11K~3), Eq. 20 can be approximated by : 
p (21) 
Substituting Eq. 19 into Eq. 21 gives: 
12E 
(22) 
Eq. 22 can be simplified further by considering the upper and lower bounds on the 
ratio between the moments of inertia of the top and bottom tees. For openings with very 
stiff slabs, the ~alue of Ib will be small in comparison to 8Ieq· In this case, the ratio (14Ieq 
+ Ib)/(8Ieq + I0 will approach an upper bound of 1.75. Conversely, as the stiffness of the 
slab becomes negligible, taking 8Ieq = Ib, the ratio (14Ieq + Ib)/(8Ieq + Ib) will have an 
effective lower bound of 1.375. If we select the median value, 1.5625, and substitute it 
into Eq. 22, this gives: 
L'l (P) _ a;_ [ ~-6_._25~- + 1 ] P 
y,b - 12E !2A + l2A 8Ieq+ Ib t t b b 
(23) 
The values of ~~6 are calculated and compared using Eq. 23 and the matrix 
20 
solution, Eq. 17. The results are given in Table 5. Examination of Table 5 reveals that 
Eq. 23 overestimates the deflection through the opening, but in general is in close 
agreement with the matrix solution (Eqs. 17 and 20). Deflections calculated using Eq. 23 
approach the matrix solution as the ratio hJd increases. For openings with hJd = 0.3, Eq. 
23 overestimates the deflection by 19.3 percent, 14.7 percent, and 11 percent for the W 
24x55, W 18x35, and W 14x22 sections, respectively. For hJd = 0.7, Eq. 23 
overestimates the matrix solution by 4.3 percent, 2.3 percent, and 1.35 percent, respectively. 
Eq. 23 is in close agreement with the matrix solution for large openings, and 
conservative for small openings. Although Eq. 23 is conservative for small openings, the 
total deflection across the opening is not severely affected. This is because the deflections 
due to secondary bending, D-~~6. become significant only as the opening size increases. For 
small openings, the effects of secondary bending are negligible. Taking the W 24x55 
section with hJd = 0.3 and aJho = 1 as an example, the deflection D-~~6 is only 0.56 
percent of D.y. However, for the same beam with hJd = 0.7 and aJh0 = 3, D-~~6 is 60.4 
percent of D.y. Similar results are obtained for the W 18x35 and W 14x22 sections. 
For the case of a web opening subjected to a shear load P, the deflection due to the 
effects of shear deformation, D.~~~. must also be considered. 
The relative importance of shear deformation in the analysis increases as the length 
of the opening decreases. This is demonstrated in Table 6, where the values D.~P) and ~~6 
are compared. · The values in Table 6 are calculated using the simplified version of Model 
3 (Fig. 5). For openings with hJd = 0.3 and aJh0 = 1.0, the ratio t;~P)/D.n is 12.49, 
15.10, and 17.62 for the W 24x55, W 18x35, and W 14x22 sections, respectively. For 
openings with hJd = 0.7 and aJho = 3.0, the ratios decrease to 1.135, 1.172, and 1.197. 
As for D.~~h· a simplified expression for D.~~; can be derived. Defining the 
stiffnesses for the top and bottom tee (including both bending and shear) as Keq and Kb 
and again noting that r;1 « (14Itti,2 + r;z): 
and (24) 
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[(aV12l + lleqJ AytG 
~b 
Ib Eib 
[(aV12) + Tlb] 
, Tlb = 
AybG 
then the fraction of the shear load taken by the top tee A can be approximated as: 
A= (25) 
Therefore, the shear force applied to the end of the top tee can be taken as AP, and the 
shear deflection across the opening can be approximated by : 
L 
~(P) = -- AP 
y,s A G 
yt 
(26) 
The deflections due to shear deformation calculated using Eq. 26 are compared with 
the matrix analysis solution (~ (P) = ~ (P) - A (P6l in Table 7. Eq. 26 overestimates the y,s y J, 
deflection, but the values are in close agreement when the size of the opening is small. 
For hJd = 0.3 and aJh0 = 1.0, Eq. 26 ·overestimates ~~~~ by 1.5 percent for the W 24x55 
section and 1.6 percent for the W 18x35 and W 14x22 sections. 
In summary, the deflection due to shear can be a significant portion of the total 
deflection across the web opening. As discussed previously, the deflection due to P 
consists of two parts: ~~P) = ~~~6 + ~~~;. For large openings, it is more important to 
include the deflections due to secondary bending. Conversely, for small openings the effects 
of shear deformations become more significant. For design purposes, Eqs. 23 and 26 can 
be combined for estimating the total deflection across the opening due to shear. The 
results are in close agreement with the matrix analysis s 1lution. 
Deflections across the opening due to moment M. ·- For the case of the web opening 





in which the subscript b indicates that only bending deformations are included, subscripts 
x, y, and r refer to the positive global directions, as shown in Fig. 7, and M = the applied 
moment at the high moment end of the opening. 
Considering bending and axial load terms only, the individual terms in the structure 
stiffness matrix are identical to those given in Eq. 18. 
The element stiffness equations can be solved for the deflection across the opening 
due to M. The deflection, ~~6. is given by: 
by: 
A(M) -
-y b- (28) 
Since Kf3K22 is small compared to K11K13 - K11K22K33, Eq. 28 can be approximated 
M (29) 
Substituting for the individual stiffness terms in Eq. 29 yields: 
(30) 
Eq. 30 can be further reduced by considering that the ratio of (12Icq + Ib)/(8Icq + Ib) 
will have an upper bound of 1.5 and an effective lower bound of 1.25. Taking the median 
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value, 1.375, and substituting it into Eq. 30, ~~6 can be expressed as: 
~(M) = a; [ 
y. b 2E (31) 
Deflections across an opening due to M are calculated using the matrix equations 
(Eq. 28) and compared to the values obtained using Eq. 31. The results are given in Table 
8. From the table, it can be seen that Eq. 31 overestimates the deflection for small 
openings and underestimates the deflection for large openings. For openings with an hjd 
ratio of 0.3, Eq. 31 overestimates the matrix solution by 16.6 percent, 11.6 percent, and 7.7 
percent for the W 24x55, W 18x35, and W 14x22 sections, respectively. For large 
openings with hjd = 0.7, Eq. 31 underestimates the matrix solution by 3.3 percent, 4.9 
percent, and 5.9 percent, respectively. 
In most cases, the deflection across the opening due to M adds little to ~­
However, this component of the deflection does increase as the size of the opening 
increases and as the opening is located progressively closer to the span center line. The 
importance of including ~~~~ in the analysis therefore increases as the relative size of the 
opening increases. This can be seen in Tables B4 - B6. For the W 24x55 with hjd = 0.3 
and ajh0 = 1, ~~~~ only accounts for 0. 8 percent through 8.2 percent of ~y.b as the 
location of the opening ranges from l/16 L, to 3/8 L,. For the same beam with hjd = 0.7 
and ajh0 = 3, ~;~~ accounts for 5.2 percent through 57.4 percent of ~y.b· Therefore, for 
small openings, overestimating the deflection ~~~~ will not significantly affect the total 
deflection across the opening, ~y.b· 
Shear deformations also affect the values of deflection across an opening subjected 
to a bending moment. This is because the top and bottom tees in Model 3 tend to 
separate at the high moment end when subjected to a bending moment. Enforcing 
compatibility at the high moment end causes shears to be developed in the tees. These 
shears are the cause of the difference between ~~M) and ~~~~-
Table 9 compares the deflections across an opening subjected to a moment, both 
including shear deformation, ~M), and excluding shear deformations, ~~~~- The deflections 
~M) and ~~6 were calculated using the exact matrix solution for the model. Even for 
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small openings, hjd = 0.3 and ajh
0 
= 1.0, the maximum difference between D.~M) and 
~~~. is only 4.6 percent, 6.2 percent, and 7.7 percent for the W 24x55, W 18x35, and W 
14x22 sections, respectively. For large openings with hjd = 0.7 and ajh0 = 3.0, the 
deflections D.~M) and ~~& are within 1 percent of each other. In all cases, for an opening 
subjected to a bending moment, the effect of shear deformation is small and in the current 
application their contribution is neglected. 
Total deflection across the opening. -- Based on the previous discussion, the total 
deflection across an opening, ~· can be expressed as the summation of: 1) the deflection 
due to a rigid body rotation, e, at the low moment end of the opening, D.~6l, 2) the 
deflection due to an applied shear force, P, at the high moment end of the opening, D.?l = 
~~6 + D.~~;, and 3) the deflection due an applied bending moment, M, at the high moment 
end of the opening, ~MJ. For design purposes, the total deflection across the opening can 
be calculated by combining Eqs. 16, 23, 26, and 31: 
(32) 
Since Eq. 16 represents the deflection across the opening due to rotation of the 
unperforated beam, only the last three terms in Eq. 32 represent the real effects of the 
opening on local deflection. 
Values for the total deflection calculated using Eq. 32 are compared to the solution 
of the matrix equations in Table 10. It can be seen that Eq. 32 is in close agreement with 
matrix solution. The ratio of the solution using Eq. 32 to the matrix solution ranges from 
a minimum of 0.962 to a maximum of 1.048. 
In Table 11, the calculated deflections using Eq. 32 are compared to the measured 
deflections across the openings for the 23 test beams. At 30 percent of ultimate, the 
calculated to measured ratios have a mean of 1.075, with a standard deviation of 0.483, 
and a coefficient of variation of 45.0 percent. At 60 percent of ultimate load the mean 
ratio decreases to 0.832, with a standard deviation of 0.382, and a coefficient of variation 
of 45.9 percent. These results show that Eq. 32 provides accuracy that is equivalent to th; 
matrix solutions. Depending on the practice within a design office, the matrix solutions 
presented in this report may prove to be competitive or even preferable to Eq. 32. 
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SUMMARY AND CONCLUSIONS 
A web opening often has little effect on the deflections of a composite beam. 
However, there are important cases where the effect can be significant. Application of the 
stiffness method of matrix analysis provides a reasonable estimate of total deflection and 
deflection across the opening when compared with test data. The best match with 
experimental results is obtained by using the lower bound moment of inertia and including 
shear deformations in the analysis. For total deflection, the top tee is best modeled by 
including composite action over the full length of the tee, while deflection across the 
opening is best modeled by including composite action only over the high moment end of 
the opening. 
Generally, the effects of the web opening and shear deflections over the span will 
be of the same order. Ignoring both the web opening and shear deformation can lead to 
significant error. For small openings, it is more important to consider shear deflections 
than the effects of a web opening. A conservative estimate of the effects of an opening 
can be obtained by analyzing a beam with the opening located at the span center line. 
Fig. 12 can be used to obtain the ratio of the total bending deflection of the perforated 
beam to the maximum bending deflection of the unperforated beam, L1m J L1b, for a given 
opening size. Shear deformations throughout the span must be added to get the best 
estimate. 
A simplified matrix model for the deflections across the opening has been developed 
which considers only the region around the opening. Modified equations for the total 
deflection across the opening are derived from the matrix model and evaluated. The 
results show that for large openings, the effects of shear deformation are negligible. 
Conversely, for small openings, bending deformations are negligible. 
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Table 1. Summary of Models 
(deflection at point of maximum moment) 
30 percent of ultimate load: 
Model 1 Model 2 
I., I, I., I, 
v NV v NV v NV v NV v 
Mean 
. 
1.13 0.97 1.26 1.10 0.94 0.76 1.08 0.90 0.97 
Std. Dev. 0.30 0.27 0.31 0.29 0.15 0.15 0.18 0.18 0.16 
Coef. of V ar. 26.37 28.09 24.53 25.95 15.98 20.37 16.53 19.84 16.90 
60 percent of ultimate load: 
Model 1 Model 2 
I .. I, I., I, 
v NV v NV v NV v NV v 
Mean • 1.01 0.86 1.13 0.98 0.84 0.68 0.97 0.81 0.87 
Std. Dev. 0.22 0.20 0.23 0.22 0.12 0.13 0.15 0.16 0.12 
Coef. of V ar. 21.53 23.53 20.27 21.98 13.90 19.36 15.13 19.35 14.02 
Table 2. Summary of Models 
(deflection across the opening) 
30 percent of ultimate load: 
Model 1 Model 2 
I., I, I., I, 
v NV v NV v NV v NV v 
Mean • 1.59 1.42 1.64 1.49 0.74 0.46 0.83 0.56 0.91 
Std. Dev. 0.88 0.82 0.91 0.83 0.31 0.21 0.34 0.25 0.41 
Coef. of V ar. 54.93 57.72 55.27 55.99 41.77 44.99 41.02 44.16 44.30 
60 percent of ultimate load: 
Model 1 Model 2 
I., I" I., I, 
v NV v NV v NV v NV v 
Mean • 1.15 1.08 1.24 1.13 0.58 0.37 0.65 0.45 0.71 
Std. Dev. 0.53 0.51 0.58 0.53 0.27 0.18 0.30 0.22 0.32 
Coef. of Var. 47.74 47.68 46.55 46.76 45.81 50.30 45.46 49.12 44.89 
Model 1: 
Model 2: 
Bending stiffness of the top tee neglects any contribution of the concrete slab. 



























Bending stiffness of top tee includes contribution of the concrete slab at the high moment end only. 





















Table 3. Measured and calculated deflections across the opening 
for simplified version of Model 3, using 11• 
Deflection @ 30 percent of ultimate load Deflection @ 60 percent of ultimate load 
Calc. - Meas. Calc. - Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated .. 
meas. v NV v NV meas. v NV v NV 
-----
I 2.04 0.065 0.056 0.045 0.86 0.70 0.170 0.112 0.091 0.66 0.53 
2 3.78 0.060 0.044 0.033 0.73 0.55 0.161 0.088 0.066 0.55 0.41 
3 26.30 0.052 0.013 0.009 0.24 0.17 0.088 0.025 0.018 0.28 0.20 
Sa 3.78 0.052 0.042 0.032 0.80 0.62 0.127 0.084 0.064 0.66 0.50 
5b 3.78 0.081 0.045 0.032 0.55 0.39 0.214 0.089 0.063 0.42 0.30 
6a 0.00 0.047 0.038 0.027 0.81 0.57 0.149 0,076 0.053 0.51 0.36 
6b 2.04 0.066 0.062 0.048 0.93 0.73 0.162 0.123 0.096 0.76 0.59 
7a 2.04 0.061 0.067 0.055 1.10 0.90 0.150 0.134 0.110 0.89 0.74 
7b 3.78 0.061 0.059 0.047 0.96 0.77 0.130 0.117 0.094 0.90 0.72 
8a 3.89 0.033 0.029 0.020 0.87 0.61 0.090 0.057 0.040 0.64 0.45 
8b 2.90 0.028 0.051 0.039 1.82 1.40 0.102 0.102 0.078 1.00 0.77 
9a 2.04 0.055 0.055 0.041 1.00 0.74 0.174 0.110 0.081 0.63 0.47 
9b 1.75 0.046 0.031 0.020 0.68 0.42 0.130 0.062 0.039 0.48 0.30 
cl 6.00 0.051 0.064 0.049 1.26 0.96 0.034 0.128 0.098 3.78 2.89 
c2 6.04 0.060 0.050 0.040 0.83 0.66 0.154 0.100 0.079 0.65 0.51 
c3 22.15 0.028 0.025 0.021 0.91 0.76 0.073 0.051 0.043 0.70 0.58 
c4 2.01 0.023 0.059 0.044 2.55 1.93 0.058 0.117 0.089 2.02 1.53 
c5 3.97 0.059 0.062 0.049 1.05 0.84 0.139 0.123 0.099 0.89 0.71 
c6 2.57 0.048 0.053 0.040 1.11 0.83 0.116 0.!06 0.080 0.92 0.69 
rO 3.94 0.031 0.039 0.030 1.25 0.96 0.062 0.078 0.059 1.25 0.96 
r1 2.66 0.038 0.033 0.024 0.88 0.62 0.115 0.067 0.047 0.58 0.41 
r2 7.00 0.047 0.033 0.022 0.70 0.48 0.096 0.066 0.045 0.69 0.47 
r3 16.83 0.017 0.007 0.001 0.39 0.06 0.033 0.013 0.002 0.40 0.06 
Mean 1.03 0.77 Mean 0.79 0.60 
Std. Dev. 0.45 0.35 Std. Dev. 0.35 0.28 
Coef. of Var. 43.48 45.32 Coef. of Var. 44.33 46.31 
29 
Table 4. Case study for total deflection at the point of maximum moment 
(1\, = total deflection for perforated beam, ~. = bending deflection 
for unperforated beam, ~. = shear deflection for unperforated beam) 
W 24x55 W 18x35 W 14x22 
h, ~ L, d. A ~ d. A ~ d. A ~ d l ....!:,__ ~ .1b+.6.. Ll, 6b+.6.,, Ll, LI,+LI, 
0.3 1/16 1.080 1.038 1.001 0,897 1.047 1.001 0.512 1.069 1.001 
1/8 1.081 1.039 1.001 0.898 1.048 1.002 0.512 1.070 1.002 
1/4 1.084 1.041 1.004 0.900 1.051 1.004 0.5!4 1.073 1.005 
3/8 1.087 1.044 1.007 0.903 1.054 1.008 0.516 1.077 1.009 
1/2 1.090 1.047 1.009 0.906 1.057 1.010 0.517 1.080 1.012 
2 1/16 1.082 1.039 1.002 0.898 1.048 1.002 0.513 1.071 1.003 
1/8 1.083 1.041 1.003 0.900 1.050 1.004 0.514 1.074 1.006 
1/4 1.088 1.045 1.008 0.904 1.055 1.009 0.517 1.079 1.011 
3/8 1.094 1.051 1.014 0.910 1.062 !.015 0.520 1.087 1.018 
1/2 1.100 1,057 L019 0.915 1.068 1.021 0.524 1.093 1.024 
3 1/16 1.084 1.042 1.004 0.901 1.051 1.005 0.515 1.075 1.007 
1/8 1.086 1,043 1.006 0.902 1.053 1.007 0.516 1,077 1.009 
1/4 1.093 1.050 1.013 0.909 1.061 1.014 0.520 1.086 1.017 
3/8 1.102 1.059 1.021 0.917 1.070 !.023 0.525 1.097 1.027 
1/2 1.109 1.066 L028 0.924 1.079 1.031 0.530 1.106 1.036 
0.5 1/16 1.083 1.040 1.003 0.900 1.050 !.004 0.514 1.073 1.005 
1/8 1.084 1.042 1.005 0.901 1.051 !.005 0.515 1.075 1.007 
1/4 1.090 1.047 1.010 0.906 1.057 1.010 0.518 1.081 1.012 
3/8 1.097 1.054 1.016 0.912 1.064 1.017 0.521 1.089 1.020 
1/2 1.103 1.060 1.022 0.917 1.070 !.023 0.525 1.095 1.026 
2 1/16 1.091 1.048 1.011 0.906 1.058 1.011 0.519 1.085 1.016 
1/8 1.093 1.051 L013 0.908 1.060 !.014 0.521 1.087 1.018 
1/4 1.103 1.060 1,022 0.917 1.070 1.023 0.526 1.097 1.028 
3/8 1.116 1.072 L034 0.928 1.083 1.035 0.532 1.111 1.041 
1/2 1.126 1.082 1.043 0.937 L094 1.045 0.538 1.123 1.052 
3 1/16 1.107 1.063 1.025 0.918 1.072 1.024 0.528 1.103 1.033 
1/8 1.109 1.065 1.027 0.920 1.074 1.027 0.529 1.105 1.035 
1/4 1.120 1.076 1.038 0.931 1,087 1.039 0.535 1.118 1.047 
3/8 1.136 1.092 1.053 0.946 1.104 1.055 0.544 1.136 1.064 
1/2 1.149 1.104 1.064 0.957 1.117 1.068 0.551 1.150 1.077 
0.7 1 1/16 1.093 1.051 1.013 0.909 1.061 1.014 0.522 1.090 1.021 
1/8 1.095 1.053 1.015 0.910 1.063 1.016 0.523 1.091 1.022 
1/4 1.105 1.061 1.023 0.918 1.071 1.024 0.526 1.099 1.030 
3/8 1.117 1.073 1.035 0.927 1.082 1.035 0.532 1.110 1.040 
1/2 1.127 1.083 1.044 0.936 1.092 1.044 0.536 1.120 1.049 
2 1/16 1.129 1.085 1.046 0.935 1.091 1.043 0.541 1.130 1.059 
1/8 1.130 1.086 1.047 0.936 1.092 1.044 0.541 1.130 1.059 
1/4 1.142 1.097 1.058 0.947 1.105 1.056 0.546 1.141 1.069 
3/8 1.160 1.115 1.075 0.962 1.123 1.074 0.555 1.158 1.085 
1/2 1.173 1.127 1.087 0.974 1.136 1.086 0.561 1.171 1.097 
3 1/16 1.201 1.154 1.113 0.980 1.144 1.093 0.571 1.192 1.116 
1/8 1.196 1.149 1.108 0.978 1.141 1.091 0.569 1.187 1.112 
1/4 1.200 1.153 1.112 0.987 1.151 1.101 0.572 1.195 1.119 
3/8 1.214 1.166 1.124 1.002 1.170 1.118 0.581 1.212 1.136 
1/2 1.219 1.171 1.129 1.012 1.181 1.129 0.585 1.222 1.144 
Ll, = 1.041 Ll, = 0.857 Ll, = 0.479 
Ll, +LI, = 1.079 LI,+LI, = 0.896 Ll, +LI, = 0.511 
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Table 5. Comparison of deflection, ~:b, calculated using Eq. 23 to the matrix solution 
W 24x55 W 18x35 W 14x22 
a:'' .. D,(P) ,, . A{P) ,,. 
.h. ~ h Eq. 23 matrix Eg,__£ Eq. 23 matrix ~ Eq. 23 matrix Eq. 23 d h, L, so ln. matrix soln. so ln. matrix soln. so ln. matrix soln. 
0.3 I 1/16 -0.000302 -0.000253 1.193 -0.000236 -0.000206 1.147 -0.000176 -0.000159 1.110 
1/8 -0.000258 -0.000216 1.193 -0.000202 -0.000176 1.147 -0.000151 -0.000136 1.110 
l/4 -0.000170 -0.000143 1.193 -0.000133 -0.000116 1.147 -0.000099 -0.000089 1.110 
3/8 -0.000082 -0.000069 1.193 -0.000065 -0.000056 1.147 -0.000048 -0.000043 1.110 
2 1/16 -0.002370 -0.001986 1.193 -0.001857 -0.001619 1.147 -0.001385 -0.001247 1.110 
1!8 -0.002019 -0.001692 1.193 -0.001582 -0.001379 1.147 -0.001179 -0.001062 1.110 
1/4 -0.001318 -0.001105 1.193 -0.001033 -0.000901 1.147 -0.000768 -0.000692 1.110 
3/8 -0.000617 -0.000517 1.193 -0.000484 -0.000422 1.147 -0.000357 -0.000322 1.110 
3 l/16 -0.007855 -0.006584 1.193 -0.002636 -0.002299 1.147 -0.004582 -0.004126 1.110 
l/8 -0.006672 -0.005592 1.193 -0.005230 -0.004560 1.147 -0.003889 -0.003502 1.110 
1/4 -0.004305 -0.003608 1.193 -0.003377 -0.002945 1.147 -0.002502 -0.002253 1.110 
3/8 -0.001938 -0.001624 1.193 -0.001525 -0.001330 1.147 -0.00lll5 -0.001004 1.110 
0.5 I 1/16 -0.002536 -0.002272 1.116 -0.001937 -0.001797 1.078 -0.001444 -0.001372 1.052 
1/8 -0.002163 -0.001938 1.116 -0.001652 -0.001533 1.078 -0.001231 -0.001170 1.052 
1/4 -0.001417 -0.001270 1.116 -0.001083 -0.001005 1.078 -0.000805 -0.000765 1.052 
3/8 -0.000671 -0.000601 1.116 -0.000513 -0.000476 1.078 -0.000379 -0.000360 1.052 
2 l/16 -0.019687 -0.017641 1.116 -0.015046 -0.013963 1.078 -0.011178 -0.010623 1.052 
1/8 -0.016703 -0.014967 1.116 -0.012769 -0.011849 1.078 -0.009475 -0.009005 1.052 
1/4 -0.010734 -0.009619 1.116 -0.008214 -0.007622 1.078 -0.006069 -0.005768 1.052 
3/8 -0.004766 -0.004271 1.116 -0.003659 -0.003396 1.078 -0.002663 -0.002531 1.052 
3 l/16 -0.064415 -0.057720 1.116 -0.049269 -0.045722 1.078 -0.036472 -0.034662 1.052 
1/8 -0.054343 -0.048695 1.116 -0.041582 -0.038589 1.078 -0.030724 -0.029200 1.052 
1/4 -0.034200 -0.030645 1.116 -0.026210 -0.024323 1.078 -0.019229 -0.018275 1.052 
3/8 -0.014056 -0.012595 1.116 -0.010838 -0.010057 1.078 -0.007734 -0.007351 1.052 
0.7 1/16 -0.018420 -0.017659 1.043 -0.014786 -0.014450 1.023 -0.011822 -0.011664 1.013 
1/8 -0.015678 -0.015030 1.043 -0.012587 -0.012301 1.023 -0.010056 -0.009922 1.013 
1/4 -0.010194 -0.009773 1.043 -0.008190 -0.008004 1.023 -0.006524 -0.006437 1.013 
3/8 -0.004710 -0.004516 1.043 -0.003792 -0.003706 1.023 -0.002992 -0.002953 1.013 
2 1/16 -0.141173 -0.135340 1.043 -0.113444 -0.110867 1.023 -0.090259 -0.089057 1.013 
l/8 -0.119238 -0.114311 1.043 -0.095854 -0.093676 1.023 -0.076132 -0.075119 1.013 
1/4 -0.075368 -0.072254 1.043 -0.060674 -0.059295 1.023 -0.047879 -0.047242 1.013 
3/8 -0.031497 -0.030196 1.043 -0.025494 -0.024915 1.023 -0.019626 -0.019365 1.013 
3 1/16 -0.455580 -0.436756 1.043 -0.366530 -0.358201 1.023 -0.290067 -0.286204 1.013 
1/8 -0.381549 -0.365784 1.043 -0.307163 -0.300!83 1.023 -0.242390 -0.239162 1.013 
1/4 -0.233487 -0.223839 1.043 -0.188430 -0.184148 1.023 -0.147036 -0.145078 1.013 
3/8 -0.085424 -0.081895 1.043 -0.069696 -0.068113 1.023 -0.051682 -0.050994 1.013 
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Table 6. Comparison of total deflection due to a shear load, ~~Pl, 
with bending deflection due to shear load, ~~b 
W 24x55 W 18x35 W 14x22 
.E.. ~ h 11)'' !1?' _g'_ 11)~ 11)" _g'_ !1?' !1?' _g'_ 
\i d h. L, ·' ~P) ·' ~P) ·' ~P) ·' ·' ·' 
0.3 1/16 -0.003157 -0.000253 12.494 -0.003109 -0.000206 15.102 -0.002799 -0.000159 17.617 
1/8 -0.002698-0.000216 12.492 -0.002658 -0.000176 15.100 -0.002392 -0.000136 17.613 
1/4 -0.001780 -0.000143 12.493 -0.001754 -0.000116 15.108 -0.001577 -0.000089 17.619 
3/8 -0.000862 -0.000069 12.491 -0.000850 -0.000056 15.103 -0.000762 -0.000043 17.620 
2 1/16 -0.007837 -0.001986 3.945 -0.007522 -0.001619 4.647 -0.006651 -0.001247 5.334 
1/8 -0.006677 -0.001693 3.945 -0.006410 -0.001380 4.647 -0.005664 -0.001062 5.334 
1/4 -0.004358 -0.001105 3.945 -0.004186 -0.000901 4.647 -0.003690 -0.000692 5.334 
3/8 -0.002039 -0.000517 3.945 -0.001962 -0.000422 4.646 -0.001716 -0.000322 5.333 
3 1/16 -0.015418 -0.006584 2.342 -0.006156 -0.002299 2.678 -0.012432 -0.004126 3.013 
1/8 -0.013095 -0.005592 2.342 -0.012212 -0.004561 2.678 -0.010551 -0.003502 3.013 
1/4 -0.008449 -0.003608 2.342 -0.007886 -0.002945 2.678 -0.006788 -0.002253 3.013 
3/8 -0.003803 -0.001624 2.342 -0.003560 -0.001330 2.678 -0.003025 -0.001004 3.013 
0.5 1/16 -0.009361 -0.002272 4.119 -0.008994 -0.001797 5.004 -0.007974 -0.001372 5.812 
1/8 -0.007984 -0.001938 4.119 -0.007672 -0.001533 5.004 -0.006799 -0.001170 5.812 
1/4 -0.005230 -0.001270 4.119 -0.005028 -0.001005 5.004 -0.004447 -0.000765 5.812 
3/8 -0.002476 -0.000601 4.119 -0.002384 -0.000476 5.004 -0.002095 -0.000361 5.812 
2 1/16 -0.032424 -0.017641 1.838 -0.029341 -0.013963 2.101 -0.024929 -0.010623 2.347 
1/8 -0.027509 -0.014967 1.838 -0.024900 -0.011849 2.101 -0.021131 -0.009005 2.347 
1/4 -0.017679 -0.009619 1.838 -0.016018 -0.007623 2.101 -0.013535 -0.005768 2.347 
3/8 -0.007849 -0.004271 1.838 -0.007136 -0.003396 2.101 -0.005939 -0.002531 2.347 
3 1/16 -0.079963 -0.057720 1.385 -0.069175 -0.045722 1.513 -0.056604 -0.034662 1.633 
1/8 -0.067460 -0.048695 1.385 -0.058384 -0.038589 1.513 -0.047684 -0.029200 1.633 
1/4 -0.042455 -0.030645 1.385 -0.036800 -0.024323 1.513 -0.029844 -0.018275 1.633 
3/8 -0.017449 -0.012595 1.385 -0.015216 -0.010057 1.513 -0.012004 -0.007351 1.633 
0.7 1/16 -0.037223 -0.017659 2.108 -0.034588 -0.014450 2.394 -0.030155 -0.011664 2.585 
1/8 -0.031683 -0.015030 2.108 -0.029444 -0.012301 2.394 -0.025651 -0.009922 2.585 
1/4 -0.020601 -0.009773 2.108 -0.019157 -0.008004 2.394 -0.016642 -0.006437 2.585 
3/8 -0.009519 -0.004516 2.108 -0.008871 -0.003706 2.394 -0.007633 -0.002953 2.585 
2 1/16 -0.175642 -0.135340 1.298 -0.152891 -0.110867 1.379 -0.127698 -0.089057 1.434 
1/8 -0.148351 -0.114311 1.298 -0.129184 -0.093676 1.379 -0.107712 -0.075119 1.434 
1/4 -0.093770 -0.072254 1.298 -0.081772 -0.059296 1.379 -0.067739 -0.047242 1.434 
3/8 -0.039188 -0.030196 1.298 -0.034359 -0.024915 1.379 -0.027767 -0.019365 1.434 
3 1/16 -0.495632 -0.436757 1.135 -0.419863 -0.358201 1.172 -0.342696 -0.286204 1.197 
'/8 -0.415092 -0.365784 1.135 -0.351858 -0.300183 1.172 -0.286369 -0.239162 1.197 
1/4 -0.254013 -0.223840 1.135 -0.215848 -0.184148 1.172 -0.173714 -0.145078 1.197 
3/8 -0.092934 -0.081895 1.135 -0.079838 -0.068113 1.172 -0.061059 -0.050994 1.197 
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Table 7. Comparison of shear deflection through the opening, c.;~;, 
calculated using Eq. 26 to the matrix solution 
W 24x55 W !8x35 w 14x22 
~:! ~(1') '·' ~~ 
..&. .!!... h Eq. 26 matrix Eg. 26 Eq. 26 matrix Eg. 26 Eq. 26 matrix Eg. 26 d h, L, so ln. matrix soln. so ln. matrix soln. so ln. matrix soln. 
0.3 I 1/16 -0.002949 -0.002904 1.015 -0.002951 -0.002904 1.016 -0.002684 -0.002640 1.016 
1/8 -0.002520 -0.002482 1.015 -0.002522 -0.002482 1.016 -0.002293 -0.002256 1.016 
1/4 -0.001663 -0.001638 1.015 -0.001665 -0.001638 1.016 -0.001512 -0.001487 1.016 
3/8 -0.000806 -0.000793 1.015 -0.000807 -0.000794 1.016 -0.000730 -0.000718 1.016 
2 1/16 -0.006127 -0.005850 1.047 -0.006209 -0.005903 1.052 -0.005685 -0.005404 1.052 
1/8 -0.005221 -0.004985 1.047 -0.005291 -0.005030 1.052 -0.004841 -0.004602 1.052 
1/4 -0.003407 -0.003253 1.047 -0.003455 -0.003285 1.052 -0.003154 -0.002998 1.052 
3/8 -0.001594 -0.001522 1.047 -0.001619 -0.001540 1.052 -0.001467 -0.001394 1.052 
3 1/16 -0.009516 -0.008834 1.077 -0.004188 -0.003857 1.086 -0.009028 -0.008306 1.087 
118 -0.008082 -0.007503 1.077 -0.008308 -0.007651 1.086 -0.007662 -0.007049 1.087 
1/4 -0.005215 -0.004841 1.077 -0.005365 -0.004941 1.086 -0.004929 -0.004535 1.087 
3/8 -0.002348 -0.002179 1.077 -0.002422 -0.002231 1.086 -0.002196 -0.002021 1.087 
0.5 1 1116 -0.007522 -0.007089 1.061 -0.007619 -0.007196 1.059 -0.006962 -0.006602 1.055 
1/8 -0.006416 -0.006046 1.061 -0.006499 -0.006139 1.059 -0.005936 -0.005629 1.055 
1/4 -0.004203 -0.003961 1.061 -0.004260 -0.004023 1.059 -0.003883 -0.003682 1.055 
3/8 -0.001990 -0.001875 1.061 -0.002020 -0.001908 1.059 -0.001829 -0.001735 1.055 
2 1116 -0.016541 -0.014783 1.119 -0.017169 -0.015379 1.116 -0.015861 -0.014306 1.109 
1/8 -0.014034 -0.012542 1.119 -0.014570 -0.013051 1.116 -0.013444 -0.012126 1.109 
1/4 -0.009019 -0.008060 1.119 -0.009373 -0.008395 1.116 -0.008611 -0.007767 1.109 
3/8 -0.004004 -0.003579 1.119 -0.004175 -0.003740 1.116 -0.003779 -0.003408 1.109 
3 1116 -0.025445 -0.022243 1.144 -0.026786 -0.023454 1.142 -0.024863 -0.021942 1.133 
l/8 -0.021467 -0.018765 1.144 -0.022607 -0.019795 1.142 -0.020945 -0.018484 1.133 
1/4 -0.013510 -0.011810 1.144 -0.014250 -0.012477 1.142 -0.013109 -0.011569 1.133 
3/8 -0.005553 -0.004854 1.144 -0.005892 -0.005159 1.142 -0.005273 -0.004653 1.133 
0.7 1/16 -0.021768 -0.019564 1.113 -0.022159 -0.020138 1.100 -0.020213 -0.018491 1.093 
1/8 -0.018528 -0.016652 1.113 -0.018864 c0.017143 1.100 -0.017194 -0.015729 1.093 
1/4 -0.012047 -0.010828 1.113 -0.012273 -0.011154 1.100 -0.011155 -0.010205 1.093 
3/8 -0.005567 -0.005003 1.113 -0.005683 -0.005165 1.100 -0.005117 -0.004681 1.093 
2 1/16 -0.045939 -0.040302 1.140 -0.047283 -0.042024 1.125 -0.043137 -0.038641 1.116 
1/8 -0.038801 -0.034040 1.140 -0.039951 -0.035508 1.125 -0.036385 -0.032593 1.116 
1/4 -0.024525 -0.021516 1.140 -0.025289 -0.022476 1.125 -0.022883 -0.020498 1.116 
3/8 -0.010249 -0.008992 1.140 -0.010626 -0.009444 1.125 -0.009380 -0.008402 1.116 
3 1/16 -0.067494 -0.058875 1.146 -0.069747 -0.061662 1.131 -0.063384 -0.056492 1.122 
1/& -0.056527 -0.049308 1.146 -0.058450 -0.051675 1.131 -0.052966 -0.047207 1.122 
1/4 -0.034591 -0.030174 1.146 -0.035856 -0.031700 1.131 -0.032130 -0.028636 1.122 
3/8 -0.012656 -0.011040 1.146 -0.013263 -0.011725 1.131 -0.011293 -0.010065 1.122 
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Table 8. Comparison of deflection, 6.~~~. calculated using Eq. 31 to the matrix solution 






1!._ J!,_ h Eq. 31 matrix Eg. 31 Eq. 31 matrix Eg. 31 Eq. 31 matrix Ea. 31 d h. L, so ln. matrix soln. so ln. matrix scln. so ln. matrix soln. 
0.3 1/16 0.000439 0.000377 1.166 0.000344 0.000309 1.116 0.000240 0.000223 1.077 
1/8 0.000775 0.000665 1.166 0.000609 0.000545 1.116 0.000422 0.000392 1.077 
1/4 0.001289 0.001105 1.166 0.001013 0.000908 1.116 0.000701 0.000651 1.077 
3/8 0.001592 0.001365 1.166 0.001252 0.001121 1.116 0.000865 0.000803 1.077 
2 1/16 0.001929 0.001655 1.166 0.001511 0.001354 1.116 0.001063 0.000987 1.077 
1/8 0.003247 0.002785 1.166 0.002549 0.002283 1.116 0.001777 0.001650 1.077 
1/4 0.005251 0.004504 1.166 0.004127 0.003697 1.116 0.002860 0.002656 1.077 
3/8 0.006413 0.005500 1.166 0.005043 0.004517 1.116 0.003486 0.003238 1.077 
3 1/16 0.004725 0.004052 1.166 0.010417 0.009331 1.116 0.002617 0.002430 1.077 
1/8 0.007633 0.006546 1.166 0.005986 0.005362 1.116 0.004188 0.003889 1.077 
1/4 0.012027 0.010315 1.166 0.009449 0.008464 1.116 0.006559 0.006091 1.077 
3/8 0.014526 0.012459 1.166 0.011421 0.010231 1.116 0.007901 0.007337 1.077 
0.5 1/16 0.001327 0.001237 1.072 0.001041 0.001010 1.031 0.000732 0.000729 1.003 
1/8 0.002267 0.002114 1.072 0.001782 0.001728 1.031 0.001242 0.001238 1.003 
1/4 0.003699 0.003449 1.072 0.002912 0.002823 1.031 0.002019 0.002012 1.003 
3/8 0.004534 0.004228 1.072 0.003571 0.003462 1.031 0.002471 0.002463 1.003 
2 1/16 0.006112 0.005700 1.072 0.004786 0.004640 1.031 0.003400 0.003388 1.003 
1/8 0.009751 0.009094 1.072 0.007658 0.007424 1.031 0.005371 0.005352 1.003 
1/4 0.015240 0.014212 1.072 0.011991 0.011625 1.031 0.008338 0.008309 1.003 
3/8 0.018340 0.017103 1.072 0.014442 0.014002 1.031 0.010005 0.009970 1.003 
3 1/16 0.015510 0.014464 1.072 0.012122 0.011753 1.031 0.008679 0.008649 1.003 
1/8 0.023428 0.021848 1.072 0.018376 0.017816 1.031 0.012954 0.012910 1.003 
1/4 0.035235 0.032859 1.072 0.027709 0.026864 1.031 0.019311 0.019245 1.003 
3/8 0.041670 0.038860 1.072 0.032809 0.031809 1.031 0.022742 0.022664 1.003 
0.7 1/16 0.002920 0.003021 0.967 0.002279 0.002396 0.951 0.001605 0.001706 0.941 
1/8 0.004845 0.005011 0.967 0.003789 0.003984 0.951 0.002642 0.002808 0.941 
1/4 0.007766 0.008032 0.967 0.006083 0.006395 0.951 0.004214 0.004478 0.941 
3/8 0.009449 0.009773 0.967 0.007405 0.007786 0.951 0.005116 0.005437 0.941 
2 1/16 0.013978 0.014458 0.967 0.010875 0.011435 0.951 0.007759 0.008246 0.941 
1/8 0.021328 0.022060 0.967 0.016651 0.017507 0.951 0.011702 0.012436 0.941 
1/4 0.032313 0.033421 0.967 0.025289 0.026590 0.951 0.017580 0.018683 0.941 
3/8 0.038345 0.039661 0.967 0.030044 0.031590 0.951 0.020780 0.022083 0.941 
3 1/16 0.036397 0.037646 0.967 0.028265 0.029719 0.951 0.020327 0.021601 0.941 
1/8 0.052148 0.053937 0.967 0.040658 0.042749 0.951 0.028739 0.030541 0.941 
1/4 0.075293 0.077876 0.967 0.058892 0.061921 0.951 0.041045 0.043618 0.941 
3/8 0.087294 0.090289 0.967 0.068389 0.071906 0.951 0.047324 0.050291 0.941 
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Table 9. Comparison of total deflection due to a moment, ~M>, 
with bending deflection due to a moment, ~~b 
W 24x55 W 18x35 w 14x22 
..!:._ ~ _!:,_ LliM) !!.f' ~ Lli"' ~M) ~ LliM) !!.f' ~ d h. L, .. !!.f' .  LliM) .  Lli"' .  .  ..--
0.3 1 1/16 0.000359 0.000377 0.955 0.000290 0.000309 0.938 0.000206 0.000223 0.924 
1/8 0.000634 0.000665 0.955 0.000512 0.000545 0.938 0.000362 0.000392 0.924 
1/4 0.001055 0.00!105 0.955 0.000852 0.000908 0.938 0.000601 0.000651 0.924 
3/8 0.00!303 0.001365 0.955 0.001052 0.00!121 0.938 0.000742 0.000803 0.924 
2 1/16 0.001594 0.001655 0.963 0.001285 0.001354 0.949 0.000925 0.000987 0.936 
1/8 0.002683 0.002785 0.963 0.002167 0.002283 0.949 0.001545 0.001650 0.936 
1/4 0.004338 0.004504 0.963 0.003509 0.003697 0.949 0.002487 0.002656 0.936 
3/8 0.005298 0.005502 0.963 0.004288 0.004517 0.949 0.003032 0.003238 0.936 
3 . J/16 0.003940 0.004052 0.972 0.008965 0.009331 0.961 0.002309 0.002430 0.950 
1/8 0.006364 0.006546 0.972 0.005152 0.005362 0.961 0.003696 0.003889 0.950 
1/4 0.010028 0.010315 0.972 0.008132 0.008464 0.961 0.005788 0.006091 0.950 
3/8 0.012112 0.012459 0.972 0.009829 0.010231 0.961 0.006972 0.007337 0.950 
0.5 1/16 0.001174 0.001237 0.949 0.000943 0.001010 0.934 0.000673 0.000729 0.923 
1/8 0.002006 0.002114 0.949 0.001613 0.001728 0.934 0.00!142 0.001238 0.923 
1/4 0.003273 0.003449 0.949 0.002636 0.002823 0.934 0.018570 0.002012 9.228 
3/8 0.004012 0.004228 0.949 0.003232 0.003462 0.934 0.002273 0.002463 0.923 
2 1/16 0.005545 0.005700 0.973 0.004470 0.004640 0.963 0.003241 0.003388 0.957 
1/8 0.008846 0.009094 0.973 0.007152 0.007424 0.963 0.005120 0.005352 0.957 
1/4 0.013825 0.014212 0.973 0.011199 0.011625 0.963 0.007949 0.008309 0.957 
3/8 0.016637 0.017103 0.973 0.013489 0.014002 0.963 0.009538 0.009970 0.957 
3 1/16 0.014242 0.014464 0.985 0.011506 0.011753 0.979 0.008432 0.008649 0.975 
1/8 0.021513 0.021848 0.985 0.017442 0.017816 0.979 0.012586 0.012910 0.975 
1/4 0.032356 0.032859 0.985 0.026301 0.026864 0.979 0.018624 0.019245 0.968 
3/8 0.038265 0.038860 0.985 0.031143 0.031809 0.979 0.022096 0.022664 0.975 
0.7 1/16 0.002911 0.003021 0.964 0.002295 0.002396 0.958 0.001629 0.001706 0.955 
1/8 0.004829 0.005011 0.964 0.003817 0.003984 0.958 0.002682 0.002808 0.955 
1/4 0.007740 0.008032 0.964 0.006127 0.006395 0.958 0.004277 0.004478 0.955 
3/8 0.009417 0.009773 0.964 0.007459 0.007786 0.958 0.005192 0.005437 0.955 
2 1/16 0.014281 0.014458 0.988 0.011271 0.011435 0.986 0.008118 0.008246 0.985 
1/8 0.021790 0.022060 0.988 0.017257 0.017507 0.986 0.012244 0.012436 0.985 
1/4 0.033013 0.033421 0.988 0.026210 0.026590 0.986 0.018395 0.018683 0.985 
3/8 0.039176 0.039661 0.988 0.031138 0.031590 0.986 0.021742 0.022083 0.985 
3 1/16 0.037428 0.037646 0.994 0.029517 0.029719 0.993 0.021442 0.021601 0.993 
1/8 0.053625 0.053937 0.994 0.042458 0.042749 0.993 0.030317 0.030541 0.993 
1/4 0.077425 0.077876 0.994 0.061499 0.061921 0.993 0.043297 0.043618 0.993 
3/8 0.089766 0.090289 0.994 0.071417 0.071906 0.993 0.049921 0.050291 0.993 
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Table 10. Comparison of total deflection across an opening, ~, 
calculated using Eq. 32 to the matrix solution 
W 24x55 W 18x35 w 14x22 
A, A, A, 
..!!.. ~ .1.. Eq. 32 matrix Eq,_R_ Eq. 32 matrix Eg. 32 Eq. 32 matrix Eg. 32 d ho L, so ln. matrix soln. so ln. matrix soln. so ln. matrix soln. 
0.3 1/16 -0.048343 -0.048330 1.000 -0.039225 -0.039202 1.001 -0.024735 -0.024708 1.001 
1/8 -0.044809 -0.044869 0.999 -0.036315 -0.036346 0.999 -0.022821 -0.022830 1.000 
1/4 -0.033183 -0.033364 0.995 -0.026853 -0.026971 0.996 -0.016788 -0.016853 0.996 
3/8 -0.017292 -0.017556 0.985 -0.013983 -0.014161 0.987 -0.008690 -0.008796 0.988 
2 1/16 -0.098039 -0.097714 1.003 -0.079638 -0.079322 1.004 -0.050447 -0.050167 1.006 
1/8 -0.090450 -0.090452 1.000 -0.073385 -0.073304 1.001 .0.046286 -0.046161 1.003 
1/4 -0.066278 -0.066823 0.992 -0.053690 -0.054006 0.994 -0.033617 -0.033758 0.996 
3/8 -0.033734 -0.034677 0.973 -0.027304 -0.027917 0.978 -0.016911 -0.017258 0.980 
3 1/16 -0.150379 -0.149211 1.008 -0.065571 -0.066353 0.988 -0.077921 -0.077051 1.011 
1/8 -0.138003 -0.137612 1.003 -0.112080 -0.111587 1.004 -0.071045 -0.070538 1.007 
1/4 -0.099938 -0.100866 0.991 -0.081037 -0.081497 0.994 -0.050876 -0.051004 0.997 
3/8 -0.049554 -0.051486 0.962 -0.040147 -0.041351 0.971 -0.024787 -0.025429 0.975 
0.5 1 1/16 -0.084850 -0.084305 1.006 -0.069334 -0.068870 1.007 -0.044653 -0.044280 1.008 
1/8 -0.078130 -0.077796 1.004 -0.063739 -0.063429 1.005 -0.040839 -0.040571 1.007 
1/4 -0.057170 .0.057206 0.999 .0.046542 -0.046504 1.001 -0.029577 -0.029499 1.003 
3/8 -0.029202 -0.029540 0.989 -0.023744 -0.023934 0.992 -0.014933 -0.015018 0.994 
2 1/16 -0.183326 -0.180089 1.018 .0.149834 -0.147276 1.017 -0.098090 -0.096139 1.020 
1/8 -0.166834 -0.164511 1.014 -0.136155 -0.134222 1.014 -0.088527 -0.086989 1.018 
1/4 -0.119159 -0.118500 1.006 -0.097059 -0.096282 1.008 -0.062330 -0.061573 1.012 
3/8 -0.057933 -0.058714 0.987 -0.047134 -0.047388 0.995 -0.029636 -0.029600 1.001 
3 1/16 -0.305217 -0.296587 1.029 -0.248380 -0.242116 1.026 -0.164840 -0.160356 1.028 
1/8 -0.274122 -0.267687 1.024 -0.222857 -0.217984 1.022 -0.146703 -0.143086 1.025 
1/4 -0.190420 -0.188045 1.013 -0.154622 -0.152369 1.015 -0.100123 -0.098177 1.020 
3/8 -0.087086 -0.088332 0.986 -0.070699 -0.070853 0.998 -0.044197 -0.043840 1.008 
0.7 1/16 -0.144128 -0.141173 1.021 -0.120045 -0.117671 1.020 -0.082350 -0.080447 1.024 
1/8 -0.130544 -0.128037 1.020 -0.108480 -0.106446 1.019 -0.073820 -0.072182 1.023 
1/4 -0.092999 -0.091384 1.018 -0.077054 -0.075705 1.018 -0.051752 -0.050653 1.022 
3/8 -0.045839 -0.045113 1.016 -0.037941 -0.037283 1.018 -0.025057 -0.024505 1.023 
2 1/16 -0.388443 -0.376670 1.031 -0.321869 -0.313637 1.026 -0.230265 -0.224207 1.027 
1/8 -0.343141 -0.332991 1.030 -0.283980 -0.276753 1.026 -0.201335 -0.195987 1.027 
1/4 -0.232565 -0.225741 1.030 -0.192228 -0.187116 1.027 -0.133900 -0.130063 1.029 
3/8 -0.103809 -0.100419 1.034 -0.085926 -0.083071 1.034 -0.057797 -0.055596 1.040 
3 1/16 -0.810881 -0.782408 1.036 -0.667058 -0.649393 1.027 -0.190590 -0.478720 1.025 
1/8 -0.700674 -0.676214 1.036 -0.576220 -0.560665 1.028 -0.419967 -0.409403 1.026 
1/4 -0.451481 -0.435285 1.037 -0.371510 -0.360465 1.032 -0.265017 -0.257313 1.030 
3/8 -0.176588 -0.168971 1.045 -0.146216 -0.140067 1.044 -0.097947 -0.093434 1.048 
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Table 11. Measured and calculated deflections across the opening using Model 3 and Eq. 32 
Deflection @ 30% of ultimate load Deflection @ 60% of ultimate load 
Deflection (in.) Calculated- Deflection (in.) Calculated-
Measured Measured 
Test MNd me as. calc. ratio meas. calc. ratio --
1 2.04 0.065 0.059 0.90 0.170 0.117 0.69 
2 3.78 0.060 0.046 0.77 0.161 0.093 0.58 
3 26.30 0.052 0.012 0.24 0.088 0.025 0.28 
5a 3.78 0.052 0.044 0.84 0.127 0.088 0.69 
5b 3.78 0.081 0.047 0.58 0.214 0.094 0.44 
6a 0.00 0.047 0.041 0.88 0.149 0.083 0.56 
6b 2.04 0.066 0.065 0.98 0.162 0.130 0.80 
7a 2.04 0.061 0.070 1.15 0.150 0.140 0.93 
7b 3.78 0.061 0.0.62 1.01 0.130 0.123 0.95 
8a 3.89 0.033 0.030 0.90 0.090 0.060 0.66 
8b 2.90 0.028 0.053 1.89 0.102 0.106 1.04 
9a 2.04 0.055 0.058 1.05 0.174 0.115 0.66 
9b 1.75 0.046 0.032 0.70 0.130 0.064 0.50 
cl 6.00 0.051 0.067 1.31 0.034 0.133 3.92 
c2 6.04 0.060 0.052 0.87 0.154 0.104 0.68 
c3 22.15 0.028 0.026 0.93 0.073 0.052 0.71 
c4 2.01 0.023 0.062 2.71 0.058 0.124 2.15 
c5 3.97 0.059 0.065 1.09 0.139 0.129 0.93 
c6 2.57 0.048 0.055 1.16 0.116 0.111 0.96 
rO 3.94 0.031 0.040 1.29 0.062 0.080 1.29 
rl 2.66 0.038 0.035 0.92 0.115 0.070 0.61 
r2 7.00 0.047 0.034 0.73 0.096 0.069 0.72 
r3 16.83 0.017 0.007 0.43 0.033 0.014 0.44 
Mean 1.08 Mean 0.83 
Std. Dev. 0.48 Std. Dev. 0.38 
Coef. of V ar. 44.95 Coef. of Var. 45.88 
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Fig. 1. Composite Beam With Web Opening 
(Donahey and Darwin 1986, Donahey 1987) 
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Fig. 2. Beam Element With Two Rigid Links 
(Donahey and Darwin 1986, Donahey 1987) 
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Fig. 3. Web Opening Element Geometry and Axes Orientations 
(Donahey and Darwin 1986, Donahey 1987) 
P/2 P/2 
Fig. 4. Deflection Analysis Model for Beam With Web Opening 
(Parametric Study) 
(Donahey and Darwin 1986, Donahey 1987) 
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Model 2, (I1b, V), at 30% of Ultimate Load 
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Fig. 7. Calculated Versus Measured Deflection at Point of Maximum Moment 
Model 2, (I1b, V), at 60% of Ultimate Load 
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Fig. 8. Calculated Versus Measured Deflection Across the Opening 
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Fig. 9. Calculated Versus Measured Deflection Across the Opening 
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Fig. 12. Design Aid for Calculating Maximum Deflection 
in a Beam With a Web Opening 
0.15 
L\n.b = maximum bending deflection for the perforated beam, db = 
maximum bending deflection for the unperforated beam, llu = opening 
length, Ls = span length, Jg = moment of inertia for unperforated sections, 
lwo = the moment of inertia in the region of the web opening 
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Table Al. Measured and calculated deflections for Model I using I"' at 30% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. • Meas. Calc.· Meas. 
Deflection (in.) ratio Deflection ratio 
Calculated Calculated 
TMt 
M v NV v NV v NV v NV Vd m..,, meas. 
-1- 2.()4 iJ.il6 O.IZ1 0.108 1.09 0.93 0.065 0.071 0.063 1.09 0.97 
2 3.78 0.137 0.134 0.115 0.98 0.84 0.060 0.065 0.057 1.08 0.95 
3 26.30 0.211 0.207 0.183 0.98 0.87 0.052 0.026 0.024 0.50 0.46 
5• 3.78 0.111 0.133 0.117 1.20 1.05 0.052 0.059 0.052 1.13 1.00 
5b 3.7& 0.128 0.143 0.126 1.12 0.98 0.081 0.0&6 0.075 1.06 0.93 
6• 0.00 0.04& 0.044 0.031 0.92 0.65 0.047 0.054 0.047 1.15 1.00 
6b 2.()4 0.108 0.126 0.107 1.17 0.99 0.066 0.084 0.074 1.27 1.12 
7• 2.()4 0.147 0.173 0.154 1.18 1.05 0.061 0.089 0.080 1.46 1.31 
7b 3.78 0.199 0.209 0.186 1.05 0.93 0.061 0.083 0.074 1.36 1.21 
g, 3.89 0.062 0.098 0.082 1.58 1.32 0.033 0.045 0.039 1.36 1.18 
&b 2.90 0.064 0.125 0.112 1.95 1.75 0.02& 0.120 0.113 4.29 4.()4 
9• 2.()4 0.057 0.113 0.096 1.98 1.68 0.055 0.113 0.104 2.05 1.89 
9b 1.75 0.100 0.097 0.076 0.97 0.76 0.046 0.048 0.040 1.()4 0.87 
c1 6.00 0.329 0.355 0.328 1.08 1.00 0.051 0.072 0.064 1.41 1.25 
c2 6.()4 0.274 0.283 0.25& 1.03 0.94 0.060 0.070 0.062 1.17 1.03 
c3 22.15 0.2&5 0.293 0.267 1.03 0.94 0.028 0.037 0.034 1.32 1.21 
o4 2.01 0.091 0.116 0.097 1.27 1.07 0.023 0.0&3 0.073 3.61 3.17 
cS 3.97 0.186 0.221 0.198 1.19 1.06 0.059 0.084 0.075 1.42 1.27 
o6 2.57 0.124 0.150 0.127 1.21 1.02 0.04& 0.074 0.065 1.54 1.35 
rl) 3.94 0.153 0.146 0.126 0.95 0.82 0.031 0.054 0.04& 1.74 1.55 
d 2.66 0.100 0.082 0.066 0.82 0.66 0.038 0.050 0.044 1.32 1.16 
a. 7.00 0.233 0.207 0.178 0.89 0.76 0.()47 0.054 0.047 1.15 1.00 
r3 16.&3 0.272 0.194 0.165 0.71 0.61 O.Q17 0.022 O.olS 1.29 1.06 
g1 3.00 0.108 0.105 0.083 0.97 0.77 
g2 6.00 0.12& 0.118 0.094 0.92 0.73 
M"" 1.13 0.97 M"n 1.59 1.42 
Std. Dev. 0.30 0.27 Std. Dev. 0.88 0.82 
Coef. of Var. 26.37 28.09 Coef. of Var. 54.93 57.72 
Table A2. Measured and calculated deflections for Model 1 using I," at 60% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. • Meas. Calc. • Meas. 
Deflection {in.) ratio Deflection ratio 
Calculated Calculated 
T"t 
M v NV v NV v NV v NV Vd meas. m=. 
1 2.()4 0.256 0.254 0.216 0.99 0.84 0.170 0.142 0.126 0.84 0.74 
2 3.78 0.305 0.268 0.230 0.88 0.75 0.161 0.130 0.114 0.81 0.71 
3 26.30 0.447 0.414 0.366 0.93 0.82 0.088 0.052 0.048 0.59 0.55 
5• 3.78 0.244 0.266 0.234 1.09 0.96 0.127 0.118 0.104 0.93 0.82 
Sb 3.78 0.303 0.286 0.252 0.94 0.83 0.214 0.172 0.150 0.80 0.70 
6• 0.00 0.107 0.088 0.062 0.82 0.58 0.149 0.108 0.094 0.72 0.63 
6b 2.()4 0.246 0.252 0.214 1.02 0.87 0.162 0.168 0.148 1.()4 0.91 
7• 2.()4 0.321 0.346 0.308 1.08 0.96 0.150 0.178 0.160 1.19 1.07 
7b 3.78 0.409 0.418 0.372 1.02 0.91 0.130 0.166 0.148 1.28 1.14 
g, 3.89 0.159 0.196 0.164 1.23 1.03 0.090 0.090 0.078 1.00 0.87 
&b 2.90 0.146 0.250 0.224 1.71 1.53 0.102 0.240 0.226 2.35 2.22 ,, 2.()4 0.152 0.226 0.192 1.49 1.26 0.174 0.226 0.208 1.30 1.20 
9b 1.75 0.223 0.194 0.152 0.87 0.68 0.130 0.096 0.080 0.74 0.62 
c1 6.00 0.836 0.710 0.656 0.85 0.78 0.034 0.144 0.128 4.24 3.76 
c2 6.()4 0.643 0.566 0.516 0.88 0.80 0.154 0.140 0.124 0.91 0.81 
c3 2215 0.679 0.586 0.534 0.86 0.79 0.073 0.074 0.068 1.01 0.93 
o4 2.01 0.216 0.232 0.194 1.07 0.90 0.058 0.166 0.146 2.86 2.52 
'5 3.97 0.403 0.442 0.396 1.10 0.98 0.139 0.168 0.150 1.21 1.08 
'6 2.57 0.277 0.300 0.254 1.08 0.92 0.116 0.148 0.130 1.28 1.12 
'" 3.94 0.272 0.292 0.252 1.07 0.93 0.062 0.108 0.096 1.74 1.55 d 2.66 0.230 0.164 0.132 0.71 0.57 0.115 0.100 0.088 0.87 0.77 
a. 7.00 0.453 0.414 0.356 0.91 0.79 0.096 0.108 0.094 1.13 0.98 
d 16.83 0.585 0.388 0.330 0.66 0.56 0.033 0.044 0.036 1.33 1.09 
g1 3.00 0.216 0.210 0.166 0.97 0.77 
g2 6.00 0.255 0.236 0.188 0.93 0.74 
M~n 1.01 0.86 M"n 1.15 1.08 
Std. Dev. 0.22 0.20 Std. Dev. 0.55 0.51 
Coef. of Var, 21.53 23.53 Coef. of Var. 47.74 47.68 
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Table A3. Measured and calculated deflections for Model 2 using I"' at 30% of ultimate load 
Deflection @ Point of Marimum Moment Deflection Across the Opening 
Calc .• Meas. Calc. - Meas-. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
T"' 
M v NV v NV v NV v NV Vd meas. meas. 
-1- 2.04 0.116 O.lll 0.090 0.96 0.78 0.065 0.041 0.030 0.63 0.46 
2 3.78 0.137 0.116 0.095 0.85 0.69 0.060 0.033 0.020 0.55 0.33 
3 26.30 0.211 0.201 0.176 0.95 0.83 0.052 0.017 0.013 0.33 0.25 
5o 3.78 0.111 0.117 0.098 LOS 0.88 0.052 0.032 0.021 0.62 0.40 
5b 3.78 0.128 0.112 0.094 0.88 0.73 0.081 0.032 0.020 0.40 0.25 
6o 0.00 0.048 0.030 0.015 0.63 0.31 0.470 O.b22 0.010 0.47 0.21 
6b 2.04 0.108 0.097 0.074 0.90 0.69 0.066 0.044 0.029 0.67 0.44 
7• 2.04 0.147 0.153 0.132 1.04 0.90 0.061 0.052 0.038 0.85 0.62 
7b 3.78 0.199 0.187 0.162 0.94 0.81 0.061 0.047 0.034 0.77 0.56 
8o 3.89 0.062 0.083 0.065 1.34 1.05 0.033 0.022 0.013 0.67 0.39 
8b 2.90 0.064 0.063 0.047 0.98 0.73 0.028 0.029 0.017 1.04 0.61 ,, 2.04 0.057 0.066 0.046 1.16 0.81 0.055 0.032 0.016 0.58 0.29 
9b 1.75 0.100 0.085 0.061 0.85 0.61 0.046 0.025 0.012 054 026 
o1 6.00 0.329 0.340 0.311 0.03 0.95 0.051 0.048 0.035 0.94 0.69 
o2 6.04 0.274 0.266 0.238 0.97 0.87 0.060 0.041 0.028 0.68 0.47 
o3 2215 0.285 0.285 0.258 1.00 0.91 0.028 0.026 0.022 0.93 0.19 
"' 2.01 0.091 0.093 0.070 1.02 0.77 0.023 0.042 0.026 1.83 1.13 o5 3.97 0.186 0.201 0.175 1.08 0.94 0.059 0.049 0.034 0.83 0.58 
o6 2.57 0.124 0.131 0.106 1.06 0.85 0.048 0.041 0.026 0.85 0.54 
rl) 3.94 0.153 0.131 0.109 0.86 0.71 0.031 0.029 0.019 0.94 0.61 
" 2.66 0.100 0.067 0.049 0.67 0.49 O.o38 0.024 0.014 0.63 0.37 t2 7.00 0.233 0.194 0.163 0.83 0.70 0.047 0.026 0.014 0.55 0.30 
d 16.83 0.212 0.189 0.159 0.69 058 0.017 0.007 0.001 0.41 0.06 
g1 3.00 0.108 0.096 0.072 0.89 0.67 
g2 6.00 0.128 0.113 0.087 0.88 0.68 
M~n 0.94 0.76 M~n 0.74 0.46 
Std. Dev. 0.15 0.15 Std. Dev. 0.31 0.21 
Coef. of Var. 15.98 20.37 Coef. of Var. 4Ln 44.99 
Table A4. Measured and calculated deflections for Model 2 using I,, at 60% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. - Meas. Calc. - Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
T"' 
M v NV v NV v NV v NV Vd meas. meas. 
1 204 0.256 0.222 0.180 0.87 0.70 0.170 0.082 0.060 0.48 0.35 
2 3.78 0.305 0.232 0.190 0.76 0.62 0.161 0.066 0.040 0.41 0.25 
3 26.30 0.447 0.402 0.352 0.90 0.79 0.088 0.034 0.026 0.39 0.30 
5o 3.78 0.244 0.234 0.196 0.96 0.80 0.127 0.064 0.042 0.50 0.33 
5b 3.78 0.303 0.224 0.188 0.74 0.62 0.214 0.064 0.040 0.30 0.19 
6o 0.00 0.107 0.060 0.030 0.56 0.28 0.149 0.044 0.020 0.30 0.13 
6b 2.04 0.246 0.194 0.148 0.79 0.60 0.162 0.088 0.058 0.54 0.36 
7• 2.04 0.321 0.306 0.264 0.95 0.82 0.150 0.104 0.076 0.69 0.51 
7b 3.78 0.409 0.374 0.324 0.91 0.79 0.130 0.094 0.068 0.72 0.52 ,, 3.89 0.159 0.166 0.130 1.04 0.82 0.090 0.044 0.026 0.49 0.29 
8b 2.90 0.146 0.126 0.094 0.86 0.64 0.102 0.058 0.034 0.57 0.33 ,, 2.04 0.152 0.132 0.092 0.87 0.61 0.174 0.064 0.032 0.37 0.18 
9b 1.75 0.223 0.170 0.122 0.76 0.55 0.130 0.050 0.024 0.38 0.18 
" 6.00 0.836 0.680 0.622 0.81 0.74 0.034 0.096 omo 2.82 2.06 o2 6.04 0.643 0.532 0.476 0.83 0.74 0.154 0.082 0.056 0.53 0.36 
o3 22.15 0.679 0.570 0.516 0.84 0.76 0.073 0.052 0.044 0.71 0.60 
"' 2.01 0.216 0.186 0.140 0.86 0.65 0.058 0.084 0.052 1.45 0.90 o5 3.97 0.403 0.402 0.350 1.00 0.87 0.139 0.098 0.068 0.71 0.49 
o6 2.57 0.277 0.262 0.212 0.95 0.77 0.116 0.082 0.052 0.71 0.45 
rl) 3.94 0.272 0.262 0.218 0.96 0.80 0.062 0.058 0.038 0.94 0.61 
" 2.66 0.230 0.134 0.098 0.58 0.43 0.115 0.048 0.028 0.42 0.24 t2 7.00 0.453 0.388 0.326 0.86 0.72 0.096 0.052 0.028 0.54 0.29 
d 16.83 0.585 0.378 0.318 0.65 054 0.033 0.014 0.002 0.42 0.06 
g1 3.00 0.216 0.192 0.144 0.89 0.67 
g2 6.00 0.255 0.226 0.174 0.89 0.68 
M~n 0.84 0.68 M~n 0.58 0.37 
Std. Dev. 0.12 0.13 Std. Dev. 0.27 0.18 
Coef. of Var. 13.90 19.36 Coef. of Var. 45.81 50.30 
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Table AS. Measured and calculated deflections for Model 3 using I," at 30% of ultimate load 
Deflection @ Point of Ma:cimum Moment Deflection Across the Opening 
Calc. " Meas. Calc.· Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
T"t 
M v NV v NV v NV v NV Vd meas, meas. 
-1- 2.04 0.116 0.114 0.095 0.98 0.82 0.065 0.048 0.038 0.74 0.58 
2 3.78 0.137 0.119 0.099 0.87 0.72 0.060 0.040 0.029 0.67 0.48 
3 26.30 0.211 0.202 0.177 0.96 0.84 0.052 0.016 0.013 0.31 0.25 
5• 3.78 0.111 0.120 0.102 1.08 0.92 0.052 O.Q38 0.029 0.73 0.56 
5b 3.78 0.128 0.116 0.098 0.91 0.77 0.081 0.040 0.028 0.49 0.35 
6• 0.00 0.048 0.033 0.019 0.69 0.40 0.047 0.030 0.021 0.64 0.45 
6b 2.04 0.108 0.102 0.082 0.94 0.76 0.066 0.053 0.040 0.80 0.61 
7• 2.04 0.147 0.157 0.137 1.07 0.93 0.061 0.060 0.049 0.98 0,80 
7b 3.78 0.199 0.191 0.167 0.96 0.84 0.061 0.055 0.043 0.90 0.70 
8• 3.89 0.062 0.085 0.069 1.37 1.11 0.033 0.026 O.Q18 0.79 0.55 
8b 2.90 0.064 0,073 0.059 1.14 0.92 0.028 0.046 0.035 1.64 1.25 
9• 2.04 0.057 0.075 0.057 1.32 1.00 0.055 0.049 0.036 0.89 0.65 
9b 1.75 0.100 0.085 0.064 0.85 0.64 0.046 0.029 O.Ql8 0.63 0.39 
c1 6.00 0.329 0.341 0.312 1.04 0.95 0.051 0.048 0.035 0.94 0.69 
c2 6.04 0.274 0.268 0.242 0.98 0.88 0.060 0.047 0.036 0.78 0.60 
c3 2215 0.285 0.287 0.260 1.01 0.91 0.028 0.026 0.022 0.93 0.79 
c4 2.01 0.091 0.098 0.077 1.08 0.85 0.023 0.052 0.038 2.26 1.65 
c5 3.97 0.186 0,205 0.180 1.10 0.97 0.059 0.056 0.044 0.95 0.75 
c6 2.57 0.124 0.135 0.110 1.09 0.89 0.048 0.047 0.034 0.98 0.71 
"' 3.94 0.153 0.134 0.113 0.88 0.74 0.031 0.033 0.025 1.06 0.81 d 2.66 0.100 0.069 0.053 0.69 0.53 0.038 0.030 0.020 0.79 0.53 
a 7.00 0.233 0.200 0.170 0.86 0.73 0.047 0.031 0.020 0.66 0.43 
d 16.83 0.272 0.189 0.160 0.69 0.59 0.017 0.009 0.003 0.53 0.18 
g1 3.00 0.108 0.097 0.075 0.90 0.69 
g2 6.00 0.128 0.114 0.089 0.89 0.70 
M"" 0.97 0.80 M""' 0.91 0.68 
Std. Dev. 0.16 0.16 Std. Dev. 0.41 0.31 
Coef. of Var. 16.90 19.49 Coef. of Var. 44.30 45.81 
Table A6. Measured and calculated deflections for Model 3 using I, at 60% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. • Meas. Calc. a Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
Tm M v NV v NV v NV v NV Vd m .... meas. 
1 2.04 0,256 0.228 0.190 0.89 0.74 0.170 0.096 0.076 0.56 0.45 
2 3.78 0.305 0.238 0.198 0.78 0.65 0.161 0.080 0.058 0.50 0.36 
3 26.30 0.447 0.404 0.354 0.90 0.79 0.088 0.032 0.026 0.36 0.30 
5• 3.78 0.244 0.240 0.204 0.98 0.84 0.127 0.076 0.058 0.60 0.46 
5b 3.78 0.303 0.232 0.196 0.77 0.65 0.214 0.080 0.056 0.37 0.26 .. 0.00 0.107 0.066 0.038 0.62 0.36 0.149 0.060 0.042 0.40 0.28 
6b 2.04 0.246 0.204 0.164 0.83 0.67 0.162 0.106 0.080 0.65 0.49 
7• 2.04 0.321 0.314 0.274 0.98 0.85 0.150 0.120 0.098 0.80 0.65 
7b 3.78 0.409 0.382 0.334 0.93 0.82 0.130 0.110 0.086 0.85 0.66 
8• 3.89 0.159 0.170 0.138 1.07 0.87 0.090 0.052 0.036 0.58 0.40 
8b 2.90 0.146 0.146 0.118 1.00 0.81 0.102 0.092 0.070 0.90 0.69 
9• 2.04 0.152 0.150 0.114 0.99 0.75 0.174 0.098 0.072 0.56 0.41 
9b 1.75 0.223 0.170 0.128 0.76 0.57 0.130 0.058 0.036 0.45 0.28 
d 6.00 0.836 0.682 0.6/A 0.82 0.75 0.034 0.096 0.070 2.82 2.06 
c2 6.04 0.643 0.536 0.484 0.83 0.75 0.154 0.094 0.072 0,61 0.47 
c3 2215 0.679 0.574 0.520 0.85 0.77 0.073 0.052 0.044 0.71 0.60 
c4 2.01 0.216 0.1?6 0.154 0.91 0.71 0.058 0.104 0.076 1.79 1.31 
c5 3.97 0.403 0.410 0.360 1.02 0.89 0.139 0.112 0.088 0.81 0.63 
c6 2.57 0.277 0.270 0.220 0.97 0.79 0.116 0.094 0.068 0.81 0.59 
"' 3.94 0.272 0.268 0.226 0.99 0.83 0.062 0.066 0.050 1.06 0.81 d 2.66 0.230 0.138 0.106 0.60 0.46 0.115 0.060 0.040 0.52 0.35 
a 7.00 0.453 0.400 0.340 0.88 0.75 0.096 0.062 0.040 0.65 0.42 
d 16.83 0.585 0.378 0.320 0.65 0.55 0.033 0.018 0.006 0.55 0.18 
gl 3.00 0.216 0.194 0.150 0.90 0.69 
g2 6.00 0.255 0.228 0.178 0.89 0.70 
Mom 0.87 0.72 M~n 0.71 0.52 
Std. Dev. 0.12 0.13 Std. Dev. 0.32 0.24 
Coef. of Var. 14.02 17.46 Coef. of Var. 44.89 46.59 
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Table A7. Measured and calculated deflections for Model 1 using I,b at 30% of ultimate load 
Deflection @ Point of Marimum Moment Deflection Across the Opening 
Calc.· Meas. Calc.· Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
T"'' 
M v NV v NV v NV v NV Vd meas. meas. 
I 2.04 0.116 0.146 0.128 1.26 1.10 0.065 0.076 0.069 1.17 1.06 
2 3.78 0.137 0.152 0.133 1.11 0.97 0.060 0.068 0.060 1.13 1.00 
3 26.30 0.211 0.235 0.211 1.11 1.00 0.052 0.028 0.026 054 050 
5o 3,78 0.111 0.151 0.135 1.36 1.22 0.052 0.062 0.055 1.19 1.06 
5b 3.78 0.128 0.157 0.139 1.23 1.09 0.081 0.089 0.076 1.10 0.94 
6• 0.00 0.048 0.047 0.034 0.98 0.71 0.047 0.055 0.048 1.17 1.02 
6b 2.04 0.108 0.140 0.121 1.30 1.12 0.066 0.088 0.078 1.33 1.18 
7• 2.04 0.147 0.188 0.169 1.28 1.15 0.061 0.093 0.084 1.52 1.38 
7b 3.78 0.199 0.231 0.209 1.16 1.05 0.061 0.087 0.078 1.43 1.28 
•• 3.89 0.062 0.115 0.099 1.85 1.60 0.033 0.048 0.042 1.45 1.27 Sb 2.90 0.064 0.134 0.121 2.09 1.89 0.028 0.124 0.116 4.43 4.14 
9• 2.04 0.057 0.119 0.103 2.09 1.81 0.055 0.115 0.106 2.09 1.93 
9b 1.75 0.100 0.105 0.085 LOS 0.85 0.046 0.049 0.042 1.07 0.91 
cl 6.00 0.329 0.401 0.375 1.22 1.14 0.051 0.077 0.069 1.51 1.35 
c2 6.04 0.274 0.317 0.292 1.16 1.07 0.060 0.073 0.065 1.22 1.08 
c3 22.15 0.285 0.331 0.305 1.16 1.07 0.028 0.040 0.037 1.43 1.32 
c4 2.01 0.091 0.123 0.104 1.35 1.14 0.023 0.086 0,075 3.74 3.26 
c5 3.97 0.186 0.247 0.224 1.33 1.20 0.059 0.088 0.079 1.49 1.34 
c6 2.57 0.124 0.167 0.145 1.35 1.17 0.048 0.078 0.068 1.63 1.42 
& 3.94 0.153 0.175 0.155 1.14 1.01 0.031 0.053 0.053 1.71 1.71 
" 2.66 0.100 0.093 0.077 0.93 0.77 0.038 0.046 0.046 1.21 1.21 "' 7.00 0.233 0.255 0.226 1.09 0.97 0.047 0.051 0.051 1.09 1.09 t.l 16.83 0.272 0.217 0.188 0.80 0.69 0.017 0.019 0.019 1.12 1.12 
gl 3.00 0.108 0.118 0.097 1.09 0.90 
g2 6.00 0.128 0.136 0.112 1.06 0.88 
M~n 1.26 1.10 M""' 1.64 1.49 
Std. Dev. 0.31 0.29 Std. Dev. 0.91 0.83 
Coef. of Var. 24.53 25.95 Coef. of Var. 55.27 55.99 
Table AS. Measured and calculated deflections for Model 1 using I,b at 60% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. - Meas. Calc. - Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
T"' 
M w meas. v NV v NV meas. v NV v NV 
I 2.04 0.256 0.292 0.256 1.14 1.00 0.170 0.152 0.138 0.89 0.81 
2 3.78 0.305 0.304 0.266 1.00 0.87 0.161 0.136 0.120 0.84 0.75 
3 26.30 0.447 0.470 0.422 LOS 0.94 0.088 0.056 0.052 0.64 0.59 
5. 3.78 0.2A4 0.302 0.270 1.24 1.11 0.127 0.124 0.110 0.98 0.87 
5b 3.78 0.303 0.314 0.278 1.04 0.92 0.214 0.178 0.152 0.83 0.71 
6• 0.00 0.107 0.094 0.068 0.88 0.64 0.149 0.110 0.096 0.74 0.64 
6b 2.04 0246 0.280 0.242 1.14 0.98 0.162 0.176 0.156 1.09 0.96 
7• 2.04 0.321 0.376 0.338 1.17 1.05 0.150 0.186 0.168 1.24 1.12 
7b 3.78 0.409 0.462 0.418 1.13 1.02 0.130 0.174 0.156 1.34 1.20 
•• 3.89 0.159 0.230 0.198 1.45 1.25 0.090 0.096 0.084 1.07 0.93 Sb 2.90 0.146 0.268 0.242 1.84 1.66 0.102 0.248 0.232 2.43 2.27 
9• 2.04 0.152 0.238 0.206 1.57 1.36 0.174 0.230 0.212 1.32 1.22 
9b 1.75 0.223 0.210 0.170 0.94 0.76 0.130 0.098 0.084 0.75 0.65 
cl 6.00 0.836 0.802 0.750 0.96 0.90 0.034 0.154 OJ38 4.53 4.06 
c2 6.04 0.643 0.634 0584 0.99 0.91 0.154 0.146 0.130 0.95 0.84 
c3 2215 0.679 0.662 0.610 0.97 0.90 0.073 0.080 0.074 1.10 1.01 
c4 2.01 0.216 0.246 0.208 1.14 0.96 0.058 0.172 0.150 2.97 2.59 
cS 3.97 0.403 0.494 0.448 1.23 1.11 0.139 0.176 0.158 1.27 1.14 
c6 2.57 0.277 0.334 0.290 1.21 1.05 0.116 0.156 0.136 1.34 1.17 
& 3.94 0.272 0.350 0.310 1.29 1.14 0.062 0.106 0.106 1.71 1.71 
" 2.66 0.230 0.186 0.154 0.81 0.67 0.115 0.092 0.092 0.80 0.80 t2 7.00 0.453 0.510 0.452 1.13 1.00 0.096 0.102 0.102 1.06 1.06 
<3 16.83 0.585 0.434 0.376 0.74 0.64 0.033 0.038 0.038 1.15 1.15 
gl 3.00 0.216 0.236 0.194 1.09 0.90 
g2 6.00 0.255 0.272 0.224 1.07 0.88 
M~n 1.13 0.98 M""' 1.24 1.13 
Std. Dev. 0.23 0.22 Std. Dev. 0.58 0.53 
Coef. of Var. 20.27 21.98 Coef. of Var. 46.55 46.76 
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Table A9. Measured and calculated deflections for Model 2 using I,b at 30% of ultimate load 
Deflection @ Point of Maltimum Moment Deflection Across the Opening 
Calc. - Meas. Calc. - Meas. 
Deflection (in.) ratio Deflection (in.) ratio 
Calculated Calculated 
T"'t 
M v NV v NV v NV v NV Vd meas. meas. 
1 2.04 0.116 0.131 0.111 1.13 0.96 0.065 0.048 0.037 0.74 0.57 
2 3.78 0.137 0.135 0.114 0.99 0.83 0.060 0.037 0.025 0.62 0.42 
3 26.30 0.211 0.229 0.204 1.09 0.97 0.052 0.019 O.ot5 0.37 0.29 
5• 3.78 0.111 0.136 0.117 1.23 1.05 0.052 0.036 0.025 0.69 0.48 
5b 3.78 0.128 0.126 0.108 0.98 0.84 0.081 0.035 0.023 0.43 0.28 
6• 0.00 0.048 0.033 0.019 0.69 0.40 0.047 0.024 0.013 0.51 0.28 
6b 2.04 0.108 0.112 0.090 1.04 0.83 0.066 0.050 0.035 0.76 0.53 
7• 2.04 0.147 0.170 0.149 1.16 1.01 0.061 0.058 0.045 0.95 0.74 
7b 3.78 0.199 0.210 0.185 1.06 0.93 0.061 0.053 0.040 0.87 0.66 
8• 3.89 0.062 0.099 0.081 1.60 1.31 0.033 0.025 0.016 0.76 0.48 
8b 2.90 0.064 0.072 0.056 1.13 0.88 0.028 0.033 0.021 1.18 0.75 
9• 2.04 0.057 0.074 0.053 1.30 0.93 0.055 0.035 0.019 0.64 0.35 
9b 1.75 0.100 0.092 0.070 0.92 0,70 0.046 0.027 0.014 0.59 0.30 
c1 6.00 0.329 0.387 0.359 us 1,09 0.051 0.053 0.041 1.04 0.80 
c2 6.04 0.274 0.300 0.273 1.09 1.00 0.060 0.045 0.036 0,75 0.60 
c3 22.15 0.285 0.323 0.297 1.13 1.04 0.028 0.029 0.025 1.04 0.89 
c4 2.01 0.091 0.101 0.079 1.11 0.87 0.023 0.046 0.031 2.00 1.35 
c5 3.97 0.186 0.228 0.202 1.23 1.09 0.059 0.054 0.041 0.92 0.69 
c6 2.57 0.124 0.149 0.124 1.20 1.00 0.048 0.046 0.031 0.96 0.65 
tO 3.94 0.153 0.159 0.137 1.04 0.90 0.031 0.034 0.024 1.10 0.77 
" 2.66 0.100 0.078 0,060 0.78 0.60 0.038 0.027 0.017 0.71 0.45 t2 7.00 0.233 0.241 0.210 1.03 0.90 0.047 0.030 0.018 0.64 0.38 
<3 16.83 0.272 0.210 0.181 0.77 0.67 0.017 0.008 0.002 0.47 0.12 
gl 3.00 0.108 0.110 0.086 1.02 0.80 
g2 6.00 0.128 0.131 0.106 1.02 0.83 
M~n 1.08 0.90 M= 0.83 0.65 
St.d. Dev, 0.18 0.18 Std. Dev. 0.34 0.30 
Coef. of Var. 16.53 19.84 Coef. of Var. 41.02 45.46 
Table AlO. Measured and calculated deflections for Model 2 using r,. at 60% of ultimate load 
Deflection @ Point of MaxUnum Moment Deflection Across the Opening 
Calc. • Meas. Calc. o Meas. 
Deflection (in,) ratio Deflection (in.) ratio 
Calculated Calculated 
Ton M v NV v NV v NV v NV Vd meas. meas. 
1 2.04 0.256 0.262 0.222 1.02 0.87 0.170 0.096 0.074 0.56 0.44 
2 3.78 0.305 0.270 0.228 0.89 0.75 0.161 0.074 0.050 0.46 0.31 
3 2~30 0.447 0.458 0.408 1.02 0.91 0.088 0.038 0.030 0.43 0.34 
5• 3.78 0.244 0.272 0.234 1.11 0.96 0.127 0.072 0.050 0.57 0.39 
5b 3.78 0.303 0.252 0.216 0.83 0.71 0.214 0.070 0.046 0.33 0.21 
6• 0.00 0.107 0.066 0.038 0.62 0.36 0.149 0.048 0.026 0.32 0.17 
6b 2.04 0.246 0224 0.180 0.91 0.73 0.162 0.100 0.070 0.62 OA3 
7• 2.04 0.321 0.340 0.298 1.06 0.93 0.150 0.116 0.090 0.77 0.60 
7b 3.78 0.409 0.420 0.370 1.03 0.90 0.130 0.106 0.080 0.82 0.62 
8• 3.89 0.159 0.198 0.162 1.25 1.02 0.090 0.050 0.032 0.56 0.36 
8b 2.90 0.146 0.144 0.112 0.99 0.77 0.102 0.066 0.042 0.65 0.41 
9• 2.04 0.152 0.148 0.106 0.97 0.70 0.174 0.070 0.038 0.40 0.22 
9b 1.75 0.223 0.184 0.140 0.83 0.63 0.130 0.054 0.028 0.42 0.22 
d 6.00 0.836 0.774 0.718 0.93 0.86 0.034 0.106 0.082 3.12 2.41 
c2 6.04 0.643 0.600 0.546 0.93 0.85 0.154 0.090 0.072 0.58 0.47 
c3 22.15 0.679 0.646 0.594 0,95 0.87 0.073 0.058 0.050 0.79 0.68 
o4 2.01 0.216 0.202 0.158 0.94 0.73 0.058 0.092 0.062 1.59 1.07 
o5 3.97 0.403 0.456 0.404 1.13 1.00 0.139 0.108 0.082 0.78 0.59 
o6 2.57 0.277 0.298 0.248 1.08 0.90 0.116 0.092 0.062 0.79 0.53 
tO 3.94 0.272 0.318 0.274 1.17 1.01 0.062 0.068 0.048 1.10 0.77 
d 2.66 0.230 0.156 0.120 0.68 0.52 0.115 0.054 0.034 0.47 0.30 
t2 7.00 0.453 0.482 0.420 1.06 0.93 0.096 0.060 0.036 0.63 0.38 
d 16.83 0.585 0.420 0.362 0.72 0.62 0.033 0.016 0.004 0.48 0.12 
gl 3.00 0.216 0.220 0.172 1.02 0.80 
g2 6.00 0.255 0.262 0.212 1.03 0.83 
M~n 0.97 0.81 M= 0.56 0.45 
Std. Dev. 0.15 0.16 Std. Dev. 0.25 0.22 
Coef. of Var. 15.13 19.35 Coef. of Var. 44.16 49.12 
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Table All. Measured and calculated deflections for Model 3 using I,b at 30% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. - Meas. Calc. - Meas. 
Deflection (in,) ratio Deflection (in.) ratio 
Calculated Calculated 
T"t 
M v NY v NY m .... v NY v NY Vd meas. 
1 2.04 0.116 0.134 0.115 1:16 0.99 0.065 Q.055 0.045 0.85 0.69 
2 3.78 0.137 0.138 0.118 1.01 0.86 0.060 0.043 0.033 0.72 0.55 
3 26.30 0.211 0.230 0.205 1.09 0.97 0.052 0.017 0.014 0.33 OZI 
5• 3.78 0.111 0.143 0.113 1.29 1.02 0.052 0.040 O.OZ7 0.77 0.52 
5b 3.78 0.128 0.130 0.112 1.02 0.88 0.081 0.044 0.032 0.54 0.40 
6a 0.00 0.048 0.036 0.023 0.75 0.48 0.047 0.033 0.023 0.70 0.49 
6b 2.04 0.108 0.117 0.097 1.08 0.90 0.066 0.059 0.046 0.89 0.70 
7• 2.04 0.147 OJ73 0.154 1.18 1.05 0.061 0.066 0.055 1.08 0.90 
7b 3.78 0.199 0.215 0.190 1.08 0.95 0.061 0.060 0.049 0.98 0.80 
s. 3.89 0.062 0.102 0.085 1.65 1.37 0.033 0.029 0.021 0.88 0.64 
Sb 2.90 0.064 0.083 0.068 1.30 1.06 0.028 0.049 0.039 1.75 1.39 ,, 2.04 0.057 0.082 0.065 1.44 1.14 0.055 0.052 0.039 0.95 0.71 
9b 1.75 0.100 0.094 0.073 0.94 0.73 0.046 0.031 0.020 0.67 0.43 
" 6.00 0.329 0.390 0.362 1.19 1.10 0.051 0.057 0.046 1.12 0.90 o2 6.04 0.274 0.301 0.277 1.10 1.01 0.060 0.048 0.039 0.80 0.65 
o3 2215 0.285 0.325 0.298 1.14 1.05 0.028 0.029 0.025 1.04 0.89 
"' 2.01 0.091 0.106 0.085 1.16 0.93 0.023 0,056 0.043 2.43 1.87 o5 3.97 0.186 0.232 0207 1.25 1.11 0.059 0.062 0.050 1.05 0.85 
o6 2.57 0.124 0.153 0.128 1.23 1.03 0.048 0.052 0.040 1.08 0.83 
rll 3.94 0.153 0.162 0.142 1.06 0.93 0.031 0.038 0.029 1.23 0.94 
d 2.66 0.100 0.080 0.064 0.80 0.64 0.038 0.032 0.023 0.84 0.61 
t2 7.00 0.233 0.248 0.219 1.06 0.94 0.047 0.034 0.024 0.72 051 
" 16.83 0.272 0.211 OJ83 0.78 0.67 0.017 0.008 0.003 0.47 0.18 g1 3.00 0.108 0.111 0.089 1.03 0.82 
g2 6.00 0.128 0.132 0.107 1.03 0.84 
M"" 1.11 0.94 M"" 1.00 0.76 
Std. Dev. 0.19 0.18 Std. Dev. 0.44 0.35 
Coef. of Var. 17.22 19.01 Coef. of Var. 43.71 46.20 
Table Al2. Measured and calculated deflections for Model 3 using I,b at 60% of ultimate load 
Deflection @ Point of Maximum Moment Deflection Across the Opening 
Calc. ~ Meas. Calc. • Meas. 
Deflection (in.) ratio Deflection {in.) ratio 
Calculated Calculated 
Tat M v NY v NY meas, v NY v NY Vd meas. 
1 2.04 0.256 0.268 0.230 1.05 0.90 0.170 0.110 0.090 0.65 0.53 
2 3.78 0.305 0.276 0.236 0.90 0.77 0.161 0.086 0.066 0.53 0.41 
3 26.30 0.447 0.460 0.410 1.03 0.92 0.088 0.034 0.028 0.39 0.32 
5• 3.78 0.244 0.286 0.226 1.17 0.93 0.1Z7 0.080 0.054 0.63 0.43 
5b 3.78 0.303 0.260 0.224 0.86 0.74 0.214 0.088 0.064 0.41 0.30 
6• 0.00 0.107 0.072 0.046 0.67 0.43 0.149 0.066 0.046 0.44 0.31 
6b 2.04 0.246 0.234 0.194 0.95 0.79 0.162 0.118 0.092 0.73 0.57 
7• 2.04 0.321 0.346 0.308 1.08 0.96 0.150 0.132 0.110 0.88 0.73 
7b 3.78 0.409 0.430 0.380 1.05 0.93 0.130 0.120 0.098 0.92 0.75 
g, 3.89 0.159 0.204 0.170 1.28 1.07 0.090 0.058 0.042 0.64 0.47 
Sb 2.90 0.146 0.166 0.136 1.14 0.93 0.102 0.098 O.Q78 0.96 0.76 ,, 2.04 0.152 0.164 0.130 1.08 0.86 0.174 0.104 0.078 0.60 0.45 
9b 1.75 0.223 0.188 0.146 0.84 0.65 0.130 0.062 0.040 0.48 0.31 
" 6.00 0.836 0.780 0.724 0.93 0.87 0.034 0.114 0.092 3.35 2.71 o2 6.04 0.643 0.602 0.554 0.94 0.86 0.154 0.0% 0.078 0.62 0.51 
" 2215 0.679 0.650 0.596 0.96 0.88 0.073 0.058 0.050 0.79 0.68 "' 2.01 0.216 0.212 0.170 0.98 0.79 0.058 0.112 0.086 1 '3 1.48 o5 3.97 0.403 0.464 0.414 1.15 1.03 0.139 0.124 0.100 0.89 0.72 
o6 2.57 0.277 0.306 0.256 1.10 0.92 0.116 0.104 0.080 0.90 0.69 
rll 3.94 0.272 0.324 0.284 1.19 1.04 0.062 0.076 0.058 1.23 0.94 
d 2.66 0.230 0.160 0.128 0.70 0.56 0.115 0.064 0.046 056 0.40 
t2 7.00 0.453 0.496 0.438 1.09 0.97 0.096 0.068 0.048 0.71 0.50 
d 16.83 0.585 0.422 0.366 0.72 0.63 0.033 0.016 0.006 0.48 0.18 
g1 3.00 0.216 0.222 0.178 1.03 0.82 
g2 6.00 0.255 0.264 0.214 1.04 0.84 
M"" 1.00 0.84 M"" 0.77 0.59 
Std. Dev. 0.15 0.15 Std. Dev. 0.35 0.28 
Coef. of Var. 15.16 17.62 Coef. of Var. 45.06 47.11 
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Table Bl. Case study for deflections across the opening for the W 24x55 section 
including shear deformations 
total deflection due to deflection due to deflection due to 
deflection rotation. e shear load, P moment. M 
h. ~ L, d, 6_(6) g'_ 6!,~ g:_ (;!,"" ~ d h. L, ' <'>, d, d, 
0.3 1 1/16 -0.048330 -0.045530 0.942 -0.003160 . 0.065 0.000359 -0.007 
l/8 -0.044870 -0.042810 0.954 -0.002700 0.060 0.000634 -0.014 
1/4 -0.033360 -0.032640 0.978 -0.001780 0.053 0.001055 -0.032 
3/8 -0.017560 -0.018000 1.025 -0.000860 0.049 0.001303 -0.074 
2 l/16 -0.097710 -0.091470 0.936 -0.007840 0.080 0.001594 -0.016 
1/8 -0.090450 -0.086460 0.956 -0.006680 0.074 0.002683 -0.030 
1/4 -0.066820 -0.066800 1.000 -0.004360 0.065 0.004338 -0.065 
3/8 -0.034680 -0.037940 1.094 -0.002040 0.059 0.005298 -0.153 
3 1/16 -0.149210 -0.137730 0.923 -0.015420 0.103 0.003940 -0.026 
1/8 -0.137610 -0.130880 0.951 -0.013100 0.095 0.006364 -0.046 
1/4 -0.100870 -0.102450 1.016 -0.008450 0.084 0.010028 -0.099 
3/8 -0.051490 -0.059790 1.161 -0.003800 0.074 0.012112 -0.235 
0.5 1/16 -0.084310 -0.076120 0.903 -0.009360 0.111 0.001174 -0.014 
1/8 -0.077800 -0.071820 0.923 -0.007980 0.103 0.002006 -0.026 
1/4 -0.057210 -0.055250 0.966 -0.005230 0.091 0.003273 -0.057 
3/8 -0.029540 -0.031080 1.052 -0.002480 0.084 0.004012 -0.136 
2 1/16 -0.180090 -0.153210 0.851 -0.032420 0.180 0.005545 -0.031 
1/8 -0.164510 -0.145850 0.887 -0.027510 0.167 0.008846 -0.054 
1/4 -0.118500 -0.114650 0.967 -0.017680 0.149 0.013825 -0.117 
3/8 -0.058710 -0.067500 1.150 -0.007850 0.134 0.016637 -0.283 
3 1/16 -0.296590 -0.230870 0.778 -0.079960 0.270 0.014242 -0.048 
1/8 -0.267690 -0.221740 0.828 -0.067460 0.252 0.021513 -0.080 
1/4 -0.188050 -0.177950 0.946 -0.042450 0.226 0.032356 -0.172 
3/8 -0.088330 -0.109150 1.236 -0.017450 0.198 0.038265 -0.433 
0.7 1 1/16 -0.141170 -0.106860 0.757 -0.037220 0.264 0.002911 -0.021 
1/8 -0.128040 -0.101180 0.790 -0.031680 0.247 0.004829 -0.038 
1/4 -0.091380 -0.078520 0.859 -0.020600 0.225 0.007740 -0.085 
3/8 -0.045110 -0.045010 0.998 -0.009520 0.211 0.009417 -0.209 
2 1/16 -0.376670 -0.215310 0.572 -0.175640 0.466 0.014281 -0.038 
1/8 -0.332990 -0.206430 0.620 -0.148350 0.446 0.021790 -0.065 
1/4 -0.225740 -0.164990 0.731 -0.093770 0.415 0.033013 -0.146 
3/8 -0.100420 -0.100410 1.000 -0.039190 0.390 0.039176 -0.390 
3 1/16 -0.782410 -0.324200 0.414 -0.495630 0.633 0.037428 -0.048 
1/8 -0.676210 -0.314750 0.465 -0.415090 0.614 0.053625 -0.079 
1/4 -0.435280 -0.258700 0.594 -0.254010 0.584 0.077425 -0.178 
3/8 . -0.168970 -0.165800 0.981 -0.092930 0.550 0.089766 -0.531 
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Table B2. Case study for deflections across the opening for the W 18x35 section 
including shear deformations 
total deflection due to deflection due to deflection due to 
deflection rotation, 9 shear load, P moment. M 
~ _':, !:, ~ ")'' 
t,_(O} 
")~ 
g:_ ")Ml ~ -=--
d h. L, Ll, ~ ~ 
0.3 1/16 -0.039200 -0.036380 0.928 -0.003110 ·o.079 0.000290 -0.007 
1/8 -0.036350 -0.034200 0.941 -0.002660 0.073 0.000512 -0.014 
1/4 -0.026970 -0.026070 0.967 -0.001750 0.065 0.000852 -0.032 
3/8 -0.014160 -0.014360 1.014 -0.000850 0.060 0.001052 -0.074 
2 1/16 -0.079320 -0.073080 0.921 -0.007520 0.095 0.001285 -0.016 
1/8 -0.073300 -0.069060 0.942 -0.006410 0.087 0.002167 -0.030 
1/4 -0.054010 -0.053330 0.987 -0.004190 0.078 0.003509 -0.065 
3/8 -0.027920 -0.030240 1.083 -0.001960 0.070 0.004288 -0.154 
3 1/16 -0.121236 -0.110042 0.908 -0.014374 0.119 0.003180 -0.026 
l/8 -0.111590 -0.104530 0.937 -0.012210 0.109 0.005152 -0.046 
1/4 -0.081500 -0.081740 1.003 -0.007890 0.097 0.008132 -0.100 
3/8 -0.041350 -0.047620 1.152 -0.003560 0.086 0.009829 -0.238 
0.5 1 1/16 -0.068870 -0.060820 0.883 -0.008990 0.131 0.000943 -0.014 
1/8 -0.063430 -0.057370 0.904 -0.007670 0.121 0.001613 -0.025 
1/4 -0.046500 -0.044110 0.949 -0.005030 0.108 0.002636 -0.057 
3/8 -0.023930 -0.024780 1.035 -0.002380 0.100 0.003232 -0.135 
2 1/16 -0.147271 -0.122400 0.831 -0.029341 0.199 0.004470 -0.030 
1/8 -0.134220 -0.116470 0.868 -0.024900 0.186 0.007152 -0.053 
1/4 -0.096280 -0.091460 0.950 -0.016020 0.166 0.011199 -0.116 
3/8 -0.047390 -0.053740 1.134 -0.007140 0.151 0.013489 -0.285 
3 1/16 -0.242120 -0.184450 0.762 -0.069180 0.286 0.011506 -0.048 
1/8 -0.217980 -0.177040 0.812 -0.058380 0.268 0.017442 -0.080 
1/4 -0.152370 -0.141870 0.931 -0.036800 0.242 0.026301 -0.173 
3/8 -0.070850 -0.086780 1.225 -0.015220 0.215 0.031143 -0.440 
0.7 1/16 -0.117670 -0.085380 0.726 -0.034590 0.294 0.002295 -0.020 
l/8 -0.106450 -0.080820 0.759 -0.029440 0.277 0.003817 -0.036 
1/4 -0.075700 -0.062670 0.828 -0.019160 0.253 0.006127 -0.081 
3/8 -0.037280 -0.035870 0.962 -0.008870 0.238 0.007459 -0.200 
2 1/16 -0.313640 -0.172020 0.548 -0.152890 0.487 0.011271 -0.036 
1/8 -0.276750 -0.164830 0.596 -0.129180 0.467 0.017257 -0.062 
1/4 -0.187120 -0.131550 0.703 -0.081770 0.437 0.026210 -0.140 
3/8 -0.083070 -0.079850 0.961 -0.034360 0.414 0.031138 -0.375 
3 1/16 -0.649393 -0.259047 0.399 -0.419863 0.647 0.029517 -0.045 
1/8 -0.560665 -0.251265 0.448 -0.351858 0.628 0.042458 -0.076 
1/4 -0.360465 -0.206116 0.572 -0.215848 0.599 0.061499 -0.171 
3/8 -0.140067 -0.131646 0.940 -0.079838 0.570 0.071417 -0.510 
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Table B3. Case study for deflections across the opening for the W 14x22 section 
including shear deformations 
total deflection due to deflection due to deflection due to 
deflection rotation. e shear load, P moment, M 
h, ~ L, d, A_(9) 
.1,((1) 
1'1;~ _g}_ fl';Ml ~ -=--d l L, ' A, d, d, 
0.3 1/16 -0.024710 -0.022120 0.895 -0.002800 0.113 0.000206 -0.008 
1/8 -0.022830 -0.020800 0.911 -0.002390 0.105 0.000362 -0.016 
1/4 -0.016850 -0.015880 0.942 -0.001580 0.094 0.000601 -0.036 
3/8 -0.008800 -0.008780 0.998 -0.000760 0.087 0.000742 -0.084 
2 1/16 -0.050170 -0.044440 0.886 -0.006650 0.133 0.000925 -0.018 
1/8 -0.046160 -0.042040 0.911 -0.005660 0.123 0.001545 -0.033 
1/4 -0.033760 -0.032560 0.964 -0.003690 0.109 0.002487 -0.074 
3/8 -0.017260 -0.018570 1.076 -0.001720 0.099 0.003032 -0.176 
3 1/16 -0.077050 -0.066930 0.869 -0.012430 0.161 0.002309 -0.030 
1/8 -0.070540 -0.063680 0.903 -0.010550 0.150 0.003696 -0.052 
1/4 -0.051000 -0.050000 0.980 -0.006790 0.133 0.005788 -0.113 
3/8 -0.025430 -0.029380 1.155 -0.003020 0.119 0.006972 -0.274 
0.5 1 1/16 -0.044280 -0.036980 0.835 -0.007970 0.180 0.000673 -0.015 
1/8 -0.040570 -0.034910 0.861 -0.006800 0.168 0.001142 -0.028 
1/4 -0.012790 -0.026910 2.105 -0.004450 0.348 0.018570 -1.452 
3/8 -0.015020 -0.015200 1.012 -0.002100 0.140 0.002273 -0.151 
2 1/16 -0.096140 -0.074450 0.774 -0.024930 0.259 0.003241 -0.034 
1/8 -0.086990 -0.070980 0.816 -0.021130 0.243 0.005120 -0.059 
1/4 -0.061570 -0.055990 0.909 -0.013540 0.220 0.007949 -0.129 
3/8 -0.029600 -0.033200 1.122 -0.005940 0.201 0.009538 -0.322 
3 1/16 -0.160360 -0.112180 0.700 -0.056600 0.353 0.008432 -0.053 
1/8 -0.143090 -0.107990 0.755 -0.047680 0.333 0.012586 -0.088 
1/4 -0.098320 -0.087100 0.886 -0.029840 0.304 0.018624 -0.189 
3/8 -0.043840 -0.053930 1.230 -0.012000 0.274 0.022096 -0.504 
0.7 1 1/16 -0.080450 -0.051920 0.645 -0.030160 0.375 0.001629 -0.020 
1/8 -0.072180 -0.049210 0.682 -0.025650 0.355 0.002682 -0.037 
l/4 -0.050650 -0.038290 0.756 -0.016640 0.329 0.004277 -0.084 
3/8 -0.024510 -0.022060 0.900 -0.007630 0.311 0.005192 -0.212 
2 1/16 -0.224210 -0.104630 0.467 -0.127700 0.570 0.008118 -0.036 
l/8 -0.195990 -0.100520 0.513 -0.107710 0.550 0.012244 -0.062 
1/4 -0.130060 -0.080720 0.621 -0.067740 0.521 0.018395 -0.141 
3/8 -0.055600 -0.049570 0.892 -0.027770 0.499 0.021742 -0.391 
3 1/16 -0.478720 -0.157470 0.329 -0.342700 0.716 0.021442 -0.045 
1/8 -0.409400 -0.153350 0.375 -0.286370 0.699 0.030317 -0.074 
1/4 -0.257310 -0.126900 0.493 -0.173710 0.675 0.043297 -0.168 







Table B4. Case study for deflections across the opening for the W 24x55 section 
neglecting shear deformations 
total deflection due to deflection due to deflection due to 
deflection rotation. 8 shear load. P moment. M 
~ L, Ll,. ~&) 
.6 (0) 
~P) gt ll';M) g:~ -=-h, L, Ll,,o ·' Ll,,o . ' Ll,,, 
1/16 -0.045410 -0.045530 1.003 -0.000250 . 0.006 0.000377 -0.008 
1/8 -0.042360 -0.042810 1.011 -0.000220 0.005 0.000665 -0.016 
1/4 -0.031680 -0.032640 1.030 -0.000140 0.004 0.001105 -0.035 
3/8 -0.016700 -0.018000 1.078 -0.000069 0.004 0.001365 -0.082 
2 1/16 -0.091800 -0.091470 0.996 -0.001990 0.022 0.001655 -0.018 
1/8 -0.085360 -0.086460 1.013 -0.001690 0.020 0.002785 -0.033 
1/4 -0.063400 -0.066800 1.054 -0.001100 0.017 0.004504 -0.071 
3/8 -0.032950 -0.037940 1.151 -0.000520 0.016 0.005502 -0.167 
3 1/16 -0.140260 -0.137730 0.982 -0.006580 0.047 0.004052 -0.029 
1/8 -0.129930 -0.130880 1.007 -0.005590 0.043 0.006546 -0.050 
1/4 -0.095740 -0.102450 1.070 -0.003610 0.038 0.010315 -0.108 
3/8 -0.048960 -0.059790 1.221 -0.001620 0.033 0.012459 -0.254 
1 1/16 -0.077150 -0.076120 0.987 -0.002270 0.029 0.001237 -0.016 
1/8 -0.071640 -0.071820 1.002 -0.001940 0.027 0.002114 -0.030 
1/4 -0.053070 -0.055250 1.041 -0.001270 0.024 0.003449 -0.065 
3/8 -0.027450 -0.031080 1.132 -0.000600 0.022 0.004228 -0.154 
2 l/16 -0.165150 -0.153210 0.928 -0.017640 0.107 0.005700 -O.D35 
1/8 -0.151720 -0.145850 0.961 -0.014970 0.099 0.009094 -0.060 
1/4 -0.110050 -0.114650 1.042 -0.009620 0.087 0.014212 -0.129 
3/8 -0.054670 -0.067500 1.235 -0.004270 O.o78 0.017103 -0.313 
3 1/16 -0.274123 -0.230867 0.842 -0.057720 0.211 0.014464 -0.053 
1/8 -0.248590 -0.221740 0.892 -0.048690 0.196 0.021848 -0.088 
1/4 -0.175730 -0.177950 1.013 -0.030650 0.174 0.032859 -0.187 
3/8 -0.082880 -0.109150 1.317 -0.012600 0.152 0.038860 -0.469 
1 1/16 -0.121500 -0.106860 0.880 -0.017660 0.145 0.003021 -0.025 
l/8 -0.111200 -0.101180 0.910 -0.015030 0.135 0.005011 -0.045 
1/4 -0.080260 -0.078520 0.978 -0.009770 0.122 0.008032 -0.100 
3/8 -0.039750 -0.045010 I.l32 -0.004520 0.114 0.009773 -0.246 
2 1/16 -0.336190 -0.215310 0.640 -0.135340 0.403 0.014458 -0.043 
l/8 -0.298680 -0.206430 0.691 -0.114310 0.383 0.022060 -0.074 
1/4 -0.203820 -0.164990 0.809 -0.072250 0.355 0.033421 -0.164 
3/8 -0.090940 -0.100410 1.104 -0.030200 0.332 0.039661 -0.436 
3 1/16 -0.723310 -0.324200 0.448 -0.436760 0.604 0.037646 -0.052 
1/8 -0.626590 -0.314750 0.502 -0.365780 0.584 0.053937 -0.086 
1/4 -0.404660 -0.258700 0.639 -0.223840 0.553 0.077876 -0.192 
3/8 -0.157410 -0.165800 1.053 -0.081890 0.520 0.090289 -0.574 
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Table B5. Case study for deflections across the opening for the W 18x35 section 
neglecting shear deformations 
total deflection due to deflection due to deflection due to 
deflection rotation, e shear load. P moment, M 
h, ~ Lo ~0) 
,1. (9) 
"",'' ~ t,<,M) t,<,MI 6,,, -=-d h, L, 6,,, ·' 6,,, '' 6,,, 
0.3 1 1/16 -0.036280 -0.036380 1.003 -0.000210 '0.006 0.000309 -0.009 
1/8 -0.033830 -0.034200 1.011 -0.000180 0.005 0.000545 -0.016 
1/4 -0.025280 -0.026070 1.031 -0.000120 0.005 0.000908 -0.036 
3/8 -0.013300 -0.014360 1.080 -0.000056 0.004 0.001121 -0.084 
2 1/16 -0.073350 -0.073080 0.996 -0.001620 0.022 0.001354 -0.018 
l/8 -0.068160 -0.069060 1.013 -0.001380 0.020 0.002283 -0.034 
1/4 -0.050530 -0.053330 1.055 -0.000900 O.Q18 0.003697 -0.073 
3/8 -0.026150 -0.030240 1.157 -0.000420 0.016 0.004517 -0.173 
3 1/16 -0.062130 -0.069160 1.113 -0.002300 0.037 0.009331 -0.150 
1/8 -0.!03730 -0.104530 1.008 -0.004560 0.044 0.005362 -0.052 
1/4 -0.076220 -0.081740 1.072 -0.002950 0.039 0.008464 -0.111 
3/8 -0.038720 -0.047620 1.230 -0.001330 0.034 0.010231 -0.264 
0.5 1/16 -0.061610 -0.060820 0.987 -0.001800 0.029 0.001010 -0.016 
1/8 -0.057180 -0.057370 1.003 -0.001530 0.027 0.001728 -0.030 
1/4 -0.042290 -0.044110 1.043 -0.001000 0.024 0.002823 -0.067 
3/8 -0.021800 -0.024780 1.137 -0.000480 0.022 0.003462 -0.159 
2 1/16 -0.131730 -0.122400 0.929 -0.013960 0.106 0.004640 -0.035 
1/8 -0.120900 -0.116470 0.963 -0.011850 0.098 0.007424 -0.061 
1/4 -0.087460 -0.091460 1.046 -0.007620 0.087 0.011625 -0.133 
3/8 -0.043140 -0.053740 1.246 -0.003400 0.079 0.014002 -0.325 
3 1/16 -0.218420 -0.184450 0.844 -0.045720 0.209 0.011753 -0.054 
1/8 -0.197820 -0.177040 0.895 -0.038590 0.195 0.017816 -0.090 
1/4 -0.139330 -0.141870 1.018 -0.024320 0.175 0.026864 -0.193 
3/8 -0.065030 -0.086780 1.334 -0.010060 0.155 0.031809 -0.489 
0.7 1 1/16 -0.097430 -0.085380 0.876 -0.014450 0.148 0.002396 -0.025 
1/8 -0.089140 -0.080820 0.907 -0.012300 0.138 0.003984 -0.045 
1/4 -0.064280 -0.062670 0.975 -0.008000 0.125 0.006395 -0.099 
3/8 -0.031790 -0.035870 1.128 -0.003710 0.117 0.007786 -0.245 
2 1/16 -0.271450 -0.172020 0.634 -0.110870 0.408 0.011435 -0.042 
1/8 -0.240990 -0.164830 0.684 -0.093680 0.389 0.017507 -0.073 
1/4 -0.164260 -0.131550 0.801 -0.059300 0.361 0.026590 -0.162 
3/8 -0.072910 -0.079580 1.092 -0.024910 0.342 0.031590 -0.433 
3 1/16 -0.587529 -0.259047 0.441 -0.358201 0.610 0.029719 -0.051 
1/8 -0.508699 -0.251265 0.494 -0.300183 0.590 0.042749 -0.084 
1/4 -0.328344 -0.206116 0.628 -0.184148 0.561 0.061921 -0.189 
3/8 -0.127853 -0.131646 1.030 -0.068113 0.533 0.071906 -0.562 
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Table B6. Case study for deflections across the opening for the W 14x22 section 
neglecting shear deformations 
total deflection due to deflection due to deflection due to 
deflection rotation. 9 shear load, P moment, M 
h, _,.,_ L. d(G) 
tl(G) !l!;P) g;_ ~M) t.;':1 6y,D -=>--d h, L, ' 6y,b ·' II,,, '' II,,, 
0.3 1/16 -0.022050 -0.022120 1.003 -0.000160 0.007 0.000223 -0.010 
1/8 -0.020540 -0.020800 1.012 -0.000140 0.007 0.000392 -0.019 
1/4 .0.015320 -0.015880 1.037 -0.000089 0.006 0.000651 -0.042 
3/8 -0.008020 -0.008780 1.095 -0.000043 0.005 0.000803 -0.100 
2 1/16 -0.044700 -0.044440 0.994 -0.001250 0.028 0.000987 -0.022 
1!8 -0.041450 -0.042040 1.014 -0.001060 0.026 0.001650 -0.040 
1/4 -0.030590 -0.032560 1.064 -0.000690 0.023 0.002656 -0.087 
3/8 -0.015660 -0.018570 1.186 -0.000320 0.021 0.003238 -0.207 
3 1!16 -0.068620 -0.066930 0.975 -0.004130 0.060 0.002430 -0.035 
1/8 -0.063300 -0.063680 1.006 -0.003500 0.055 0.003889 -0.061 
1/4 -0.046170 -0.050000 1.083 -0.002250 0.049 0.006091 -0.132 
3/8 -0.023040 -0.029380 1.275 -0.001000 0.044 0.007337 -0318 
0.5 1/16 -0.037620 -0.036980 0.983 -0.001370 0.036 0.000729 -0.019 
1/8 -0.034850 -0.034910 1.002 -0.001170 0.034 0.001238 -0.036 
1/4 -0.025660 -0.026910 1.049 -0.000770 0.030 0.002012 -0.078 
3/8 -0.013090 -0.015200 1.161 -0.000360 0.028 0.002463 -0.188 
2 1/16 -0.081690 -0.074450 0.911 -0.010620 0.130 0.003388 .0.041 
1/8 -0.074630 -0.070980 0.951 -0.009000 0.121 0.005352 -0.072 
1/4 -0.053450 -0.055990 1.048 -0.005770 0.108 0.008309 -0.155 
3/8 -0.025760 -0.033200 1.289 -0.002530 0.098 0.009970 -0.387 
3 1/16 -0.138200 -0.112180 0.812 -0.034660 0.251 0.008649 -0.063 
1/8 -0.124280 -0.107990 0.869 -0.029200 0.235 0.012910 -0.104 
1/4 -0.086130 -0.087100 1.011 -0.018280 0.212 0.019245 -0.223 
3/8 -0.038620 -0.053930 1.397 -0.007350 0.190 0.022664 -0.587 
0.7 1/16 -0.061880 -0.051920 0.839 -0.011660 0.188 0.001706 -0.028 
1/8 -0.056330 -0.049210 0.874 .0.009920 0.176 0.002808 -0.050 
1/4 -0.040250 -0.038290 0.951 -0.006440 0.160 0.004478 -0.111 
3/8 -0.019580 -0.022060 1.127 -0.002950 0.151 0.005437 -0.278 
2 1/16 -0.185440 -0.104630 0.564 -0.089060 0.480 0.008246 -0.044 
1/8 -0.163200 -0.100520 0.616 -0.075120 0.460 0.012436 -0.076 
1/4 -0.109280 -0.080720 0.739 -0.047240 0.432 0.018683 -0.171 
3/8 -0.046850 -0.049570 1.058 -0.019370 0.413 0.022083 -0.471 
3 1/16 -0.422070 -0.157470 0.373 -0.286200 0.678 0.021601 -0.051 
1/8 -0.361970 -0.153350 0.424 -0.239160 0.661 0.030541 -0.084 
1/4 -0.228360 -0.126900 0.556 -0.145080 0.635 0.043618 -0.191 






























Cross-sectional area, in7 
Cross-sectional area for the bottom tee, in7 
Cross-sectional area of steel, in7 
Cross-sectional area for the top tee, in7 
Effective shear area, in7 
Effective shear area for the bottom tee, in7 
Effective shear area for the top tee, in7 
Modulus of elasticity of steel (29 ,000 ksL) 
Yield stress of steel, ksi. 
Shear modulus of elasticity of steel (11,150 ksi.) 
Moment of inertia, in! 
Moment of inertia for the bottom tee, in! 
Effective moment of inertia of composite sections, in~ 
Equivalent moment of inertia for the top tee, in~ 
Gross moment of inertia of the composite beam, in! 
Lower bound moment of inertia for composite sections, in~ 
Moment of inertia of steel section, in! 
Moment of inertia for the top tee, in! 
Moment of inertia for the top tee at the low moment end of an opening, in! 
Moment of inertia for the top tee at the high moment end, in! 
Moment of inertia of transformed composite section, in! 
Moment of inertia of the section at a web opening, in~ 
Local element stiffness matrix 
Global element stiffness matrix 
Global stiffness matrix for the web opening element 
Length of an element 
Location of opening center line 
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L, Span length 
P Shear force 
Q0 N aminal strength of one stud shear connector, kips. 
V h Total horizontal shear to be resisted by connectors under full composite 
action, kips. 
, 
V h Total horizontal shear provided by the connectors in providing partial 
composite action, kips. 
Y BNA Distance from bottom of beam to elastic neutral axis, in. 
Y 2 Distance from concrete flange force to beam top flange in a composite 
beam, in. 
11o Opening length 
ex1 Local x eccentricity at node 1 at an opening 
ex2 Local x eccentricity at node 2 at an opening 
ey1 Local y eccentricity at node 1 at an opening 
ey2 Local y eccentricity at node 2 at an opening 
r; Concrete compressive strength, psi 
h0 Height of opening 
lb Length of rigid link for the bottom tee 
It Length of rigid link for the top tee 
( u h Element local displacements 
( u) g Global displacements 
w Uniform load 
I 
___ _srcq __ 
[(aV12) + TJcql 
Deflection 
















Maximum deflection for a beam with a web opening 
Maximum bending deflection for a beam with a web opening 
Maximum deflection due to shear deformations 
Vertical deflection across a web opening 
Deflection across a web opening due to moment M 
Bending deflection across a web opening due to moment M 
Shear deflection across a web opening due to moment M 
Deflection across a web opening due to shear force P 
Bending deflection across a web opening due to shear force P 
Shear deflection across a web opening due to shear force P 





~eq + ~b 
Rotation at low moment end of web opening 
